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ABSTRACT

The objective of this research is to characterize properties of spider silk in a thin film form and apply it as
a new biomaterial for MEMS devices. This research represents a relatively new area of study. Most
research to date on spider silk has focused on its fiber form, thus there is a limited understanding of this

silk as a film. Furthermore, using spider silk for MEMS applications has never before been realized.

In this study, spider silk was manipulated into a solution and spin coated onto a silicon substrate to form a
thin film. A microfabrication technique was then developed to create a free standing microbridge
structure. Mechanical properties of the film were obtained by both nanoindenting the film on silicon

substrate, and by fracture testing of the microbridge.

Once these mechanical properties were obtained, the magnetic properties were added to the spider silk
film to add more functionality to the material. This was done by blending the film with ferromagnetic
materials such as Ni and Fe. First, micron sized Ni particles were mixed into the spider silk solution.
Using the microfabrication technique developed earlier in this research, cantilever beam were formed
from the Ni spider silk material. Studying the magnetic properties of these cantilever beams showed that
these beams are susceptible to external magnetic field. Static and dynamic testing of the cantilever beam

. was performed.

Second, iron pentacarbonyl was mixed with spider silk solution to form an iron spider silk composite. By
studying this composite, a new property of spider silk is discovered. Specifically, it was found that by
varying the concentration of the spider silk solution and maintaining the same amount of iron
pentacarbonyl, the concentration of iron in the final film varied drastically. Most interestingly, nano
spheres with diameter size between 150 — 650 nm were formed in this manner. It was found that they

consisted of spider silk proteins and low concentration of iron.

In conclusion, this study has provided several preliminary findings regarding the properties of spider silk
that have never been revealed before. As well, the fabrication techniques developed in this study can be
used as a stepping stone for a more advgnced microfabrication processes in the future. MEMS devices
such as micro sensors, actuators, and biomembranes are just some of the possible applications that may
result from this research. The continuation of this research will offer new options for biomaterials used
with  MEMS technology, where a high degree of toughness, strength, biocompatibility and
biodegradability are required.
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CHAPTER 1

Introduction

1.1 Background

One of the strongest natural fibers known to man is the spider’s silk. Tts combination of high
strength and elasticity has opened up an area of study in silk fibers. By learning about its
remarkable properties, we can apply them in a wide range of applications (including possible

MEMS applications) and mimic them for development of new synthetic biopolymers.

One of the ways spider silk is studied is through analysis of regenerated spider silk. However, the
mechanical properties of the two types of silk are not identical. Unlike native spider silk fibers,
regenerated spider silk is first harvested from spiders, then dissolved into solvents and re-spun
through an orifice. Mechanical properties of the regenerated silk, such as the toughness, are
largely dependent on the assembling process of the proteins during the drying process.
Therefore, in general, regenerated spider silk material properties are inferior to those of natural

silk fibers.

Traditionally, MEMS research has been conducted using polymeric materials such as
Polymethylsiloxane (PDMS) and hydrogel to fabricate micromechanical components, such as
microfluidic valves and micropump diaphragms. However, the mechanical strength of

conventional biopolymer has been unsatisfactory for many biomedical applications [8].

One possible important use for spider silk is as a biomembrane for bioMEMS applications.




However, a limited amount of previous work on spider silk in a film form has been performed.

Further more, no study has ever focused on application of the film in MEMS areas.

One work of note on a different type of silk fiber is one performed by Jin, et. al., where Bombyx
Mori (a type of silk worm) silk fibroins were used to form a composite by blending the silk with
PEO (Poly-ethylene-oxide) [91]. In this study, the authors found that pure fibroin film in a dry
state is too brittle, but that elasticity could be improved by blending it with other materials.
Definable porous film could also be generated by controlling the extraction of the PEO phase.
Mechanical testing showed that by increasing the PEO, the elongation increased while the
breaking strength decreased. In the end, a slight improvement in toughness was found. So, while
this study clearly manipulated the silk worm silk to improve certain desired material properties,

it is still not clear whether spider silk would have similar response under the same conditions.

Only two recent published works have actually focused on spider silk films. In those studies, a
film was made by spin coating recombinant spider silk proteins which were synthesized in both
E-coli [92] and transgenic tobacco plants [93]. Bombyx Mori silk was also purified and used to
form a film with the same process. Cast film was also formed using a glass ring and plate setup
[93]. In study performed by Junghans et. al. [93], FTIR results showed a minor influence of the
preparation procedures on the final layers. Dynamic microhardness tests were also performed to
charactérize the film mechanical properties. Recombinant spider silk film was found to have

elastic modulus value of 5.5 — 6.3 GPa, and hardness of 230 Nmm™. Silk worm film had a

significantly lower elastic modulus of 491 MPa and hardness of 15 Nmm™.

1.2 Research Objectives

The objective of the present research is to study and characterize regenerated spider silk in a film
form. This study utilizes natural spider silk fibers, instead of recombinant fibroin proteins. Once
the mechanical properties of the film are determined, fabrication techniques can be developed to
obtain simple microstructures using spider silk film. Finally, by manipulating the film and
forming composites consisting of spider silk and ferromagnetic materials, new biocompatible
and biodegradable materials can be developed for magnetic actuations in bioMEMS devices.

This will open up a new field of study and application for spider silk and fill a void in the

research of biomaterials for MEMS.




1.3 Thesis Outline

The thesis is structured as follows.
Chapter I: Introduction to motivation behind the project. A few similar studies are reviewed and

the objective of this thesis is stated.

Chapter 2: Literature review on spider silk. This includes basic biological makeup of spider silk
and mechanical properties previously obtained in other studies. It also includes work showing the
effects of different conditions, such as solvents or spinning methods that alter the final properties

of spider silk.

Chapter 3: Fabrication method of thin ﬁlmﬂ 6f ‘regenerated spider silk on silicon substrate.
Mechanical testing of the film using nano indentation technique is used to obtain properties in
elastic modulus, hardness and viscoelasticity. A simple microfabrication technique is developed
for the film to obtain free standing microbridges. Fracture testing is performed on the

microbridge to obtain the ultimate tensile strength.

Chapter 4: Micron size Ni particles are mixed with the regenerated spider silk film to obtain a
new composite. Using microfabrication method previously developed, a free standing Ni beam
can be made. Properties such as magnetic hysteresis loop, stress vs. strain curve, and magnetic
field vs. bending of the beam are all demonstrated. This shows a complete new method of

obtaining magnetically actuated and biocompatible cantilever beams.

Chapter 5: By mixing iron pentacarbonyl with regenerate spider silk, iron can be impregnated
into the spider silk film to form a new magnetic composite biomaterial. A fabrication method is
developed and outlined in this chapter. By varying the dilution of the regenerated spider silk,
three different types of materials are found. They vary in appearance, as well as iron
concentration. This illustrates a new method of manipulating the spider silk, not only to mix with
iron to form ferromagnetic composite, it also to show how spider silk protein binds to iron under

different conditions.

Chapter 6: Conclusion and recommendation for future works.




CHAPTER 2

Literature Review

Spider silk is one of the most attractive biomaterial that is yet to be applied in wider practice.
Many studies have shown its amazing high elasticity and high strength which results in
incomparable toughness. It is the strongest natural material known, and only a few synthetic
materials can compete with it. For example, Kevlar is most famous for its own high modulus
value and outstanding mechanical properties. Even though its strength is 4 times larger in
comparison to spider silk, the energy required to break Kevlar is only 1/3 of spider silk. This is

due to spider silks’ ability to allow more extension to abort the energy before rupturing [1].

The strength and elasticity of spider silk lends itself to numerous potential applications such as
artificial ligaments or tendons, surgical sutures or biodegradable membranes and bullet proof
vests. However, there have been many problems in mass producing the spider silk through
mimicking farming techniques used for silkworms. Unlike sheep or silkworms, spiders cannot be
penned in together or raised as a group. This in combination with their territorial and

cannibalistic nature makes them hard to domesticate.

Much work has been done to obtain spider silk genomes by various means. Using the gene
synthesis approach, recombinant protein has been generated through transgenic tobacco and
potato plants. [2] It has also been reported that Nexia technology Inc. has successfully inserted
genes from spider silk into mammals such as goats to produce the protein in their milk. The

proteins are then isolated and purified for subsequent spinning into fibers [3, 4]. Nexia foresees

tapping into the $500 million market for fishing materials as well as the $1.6 billion market for




industrial fibers in the near future [5]. It has also drawn attention of the US military where it has
a potential of building an entire armors vest out of goat silk. Due to its light weight and
toughness, the spider silk vest can perform its bullet stopping functionalities, while reducing the

load that a soldier has to carry.

2.1 Biological make up of spider silk

Due to its attractive properties, spider silk has been intensely studied around the world. The silk
emerges from the body as a liquid and form a single thread by the spinnerets on the underside of
the spider abdomen. The amino acid sequence of two different, but similar fibroins builds up the

silk fibers [6]. The main amino acids contained in the fibroins are glycine and alanine.

In the secondary structure of these proteins, regions of the alternating gly-ala sequences organize

into [ -sheets which form the core of crystalline structures held together by hydrogen bonds.

This is said to be responsible for its high strength. The glycine rich regions produces a spiral
shaped sequence that is less ordered, and it is this combination of crystalline and amorphous

regions that are responsible for the strength and extensibility of the silk [7-9].

2.2 Material property of native spider silk

In general, orb-web spiders have in total, 7 different glands that produce silk. Every spider
contains at least 3 of these types, and they are used in different applications such as draglines,
swathing silk or for constructing the egg sac. Among these orb-weavers, the most frequently
studied dragline silk comes from the golden orb-weaver breed of Nephila Clavipes and Araneus
diadematus. This is due to its availability and outstanding mechanical properties. Usually, 150
yards of silk per spider can be collected. It would take the work of 415 spiders to make a square

yard of cloth [10]. In table 1 below is a list for comparison between natural fibers and several

high performance synthetic materials [11].




Table 1: Comparison between natural fibers and high performance synthetic materials [11]

Fiber Type Density | Modulus of | Tensile Breaking | Resilience
(g/cm’) | Elasticity E | Strength | Strain (%) | (MJ/m’)
(GPa) (GPa)
Spider silk 1.3 1-10 1.8 30 130
Nephilas Clavipes
Silkworm Silk 1.3 5 0.6 12 50
Bombyx mori
Nylon 6.6 1.1 5 0.9 18 80
Kevlar 49 1.4 130 3.6 3 50
Steel 7.8 200 3 2 6

Dragline silk of the golden orb weaver has an elastic modulus starting from 10 GPa, elongation
to break of 15-30%, and tensile strength of 1.1-1.4 GPa. This however depends on the
environmental factor, strain rate and method in which the fibers were obtained. Even though, the
tensile strength is similar to that of stainless steel, spider silk is less than 1/3 in density, thus, in

weight comparison, it is much stronger.

Spider silk’s viscoelastic property has been reported to approach that of rubber [12, 13]. Since
rubber is considered a non-linear material, typical method of obtaining some mechanical

properties from stress-strain curve can not be applied.

2.3 Material property of regenerated spider silk

Regenerated spider silk has been used to study the self assembling nature of the spider silk
proteins. As previously mentioned, it has been shown that the amino sequence and alignment of
the proteins greatly affect the mechanical properties of spider silk. Thus, significant work has

been done examining this self assembly process. The results of the spider silk was found to be

approximately 1/3 of the original (table 2) [14].




Table 2: Comparison between native and regenerated V. Clavipes spider silk

Elastic Modulus | Tenacity Strain break

(GPa) (GPa) (%)
Dragline of N.Clavipes 22 1.3 12
Regenerated silk of N. Clavipes 8 0.32

2.4 Silk as a biomaterial

Study of local tolerance and biocompatibility has been tested for spider silk and silk worm
materials. Using pigs as test subjects, 4 different types of spider silk were tested while being
compared to typical synthetic materials such as polyurethane film, gauze pads and collagen
dressings. The study demonstrated that animal tissue tolerates natural and untreated spider silk in
ways comparable to routine surgery materials. It embodies biodegradability and

immunotolerance that equals typical implantables commonly used [15].

2.5 Effect of spinning on spider silk

The process where spiders make their mechanically superior fiber involves the removal of
solvent (water) from a concentrated protein solution while the solution flows through a
progressively narrowing spinning canal [16]. Although, much work has been established in
understanding the genetic make up of the proteins, the actual spinning process remains
undefined. However, it is understood that the mechanical properties depend on the spin of the
silk [17]. It has been shown that a combination of the aqueous environment and stretching can
produce a wide range of tensile properties [18]. Work has also been performed in modeling the
water removal under the assumption that the rapid diffusion of water through the canal wall
occur throughout the spinning canals. Since, the artificial spinning process has not be able to
mimic similar methods, manufactured spider silk spuh from silk protein remain to be less in turns

of mechanical properties [3, 19].

2.6 Effect of solvent on spider silk

One of the main features of spider silk is its supercontraction behaviour when submerged into
solvents, especially water [20]. Supercontraction is referred to as a large shrinkage in water at

room temperature of silk fibers, and it is first observed by Work [21]. Similar behaviours have

been shown in artificial polymers when emerged in organic solvents or under thermal conditions




that causes shrinkage [20, 22]. It has been shown that water ruptures the hydrogen bonds
between the amino acids and carboxyl group and thus produces swelling in radial direction, and
supercontraction in fiber length [6]. This effect is also called plasticisation where the plasticiser

insinuates itself into the polymer and reduce the interaction between the polymer chains [20].

In work related to supercontraction, Shao and Vollrath [20] had shown that polar solvents
strongly affect the mechanical behaviour of several of the bench mark dragline silks, ex Nephila,
Araneus. With an increase in solvent polarity, Young’s modulus and breaking strength decreases,
where elongation increases slightly. They have also shown in recent work, [22] that there is a
correlation between variability in mechanical properties such as initial modulus and breaking
strain and its ability to supercontract. Both properties are dependent on the hydrogen-bonded

amorphous, yet oriented area of the silk.

When unstrained, the silk generally shrink to 50-60% of its originally length [23, 24]. When
strained, a supercontraction stress is build up in the fiber. When measured using relative
humidity (RH) and the stress found in the fiber, a transition point at 70 -75& RH is noted. Once
relative humidity has reached this point for around 60 second, a jump in supercontraction stress
can be experienced [23]. A lower supercontraction force is found in naturally produced fiber in
comparison by forced silking [25]. However, this difference in supercontraction behaviour can
be used to manipulate silk obtained from forced silking. When the supercontraction length is
restricted to 7.5-25%, the mechanical stress-strain of the forced silk becomes similar to those of

naturally spun silk [23].

2.7 Other environmental effect on spider silk

Temperature
Spider silk fiber had shown remarkable increase in strength and elongation when temperature is
cooled down to -60C°. This property had not been observed in most synthetic fibers. When the

fiber is heated up to 150 C°, little change in tensile behaviour is observed. However, the

elongation at break decreases with an increase in temperature up to a minimum at 70 C° [26].




uv
UV rays have been shown to decompose protein molecules of natural silks such as silkworm

silks. Since spider silk captures insects in daytime, the exposure to sunlight may have effect on
the mechanical strength of spider silk webs. Experiments were carried out by S. Osaki [27] to test

the effect of 3 ranges of UV light on spider silk.

They found that Dragline samples kept under no UV irradiation had no changes in breaking
stress (BS) over period of 3 months. When exposed to UV rays, with increase in UV range
(going from 200-400 nm), an increase in BS is shown. When looking at the mechanical BS, the
time dependence of UV irradiation was also shown to be optimal at higher wavelengths.
However, the peak BS occur for higher wavelength (320-400 nm) peaked at around 8 hrs, and

then continue to decrease as irradiation time increases. This indicates that UV exposure also

decompose the material after an optimal irradiation time has passed.




CHAPTER3

Spider Silk as a New Biomaterial for
MEMS

Mechanical strength of conventional biopolymers is unsatisfactory for many biomedical
applications [8]. As one of the strongest natural materials, spider drag-line silk is introduced for
the first time as a new biomaterial for Micro-Electro-Mechanical Systems (MEMS). The tasks
accomplished in this chapter are focused on mechanical characterization of regenerated spider
silk under two conditions: (1) spin-coated. thin film formed onto a silicon substrate; (2) formation

of a free-standing microbridge (800 x 800 x 40 um’) obtained by a surface micromachining

process. Micro-mechanical testing using a nano indentation machine showed the spider silk film
having an elastic modulus of 7.3 GPa, a loss tangent of 0.044 and an ultimate tensile strength of

85.1 MPa.
3.1 Thin Film Spider Silk

3.1.1 Experimental Methods

Thin-film spider silk is formed onto a substrate. The thin-film spin-on processing technique can
be easily adopted by MEMS industry for batch fabrications. The Spider drag-line silk is first
harvested from the golden orb weaving spider N. clavipes from central Florida. The silking
technique is in a manner similar to the procedure described by Work and Emerson [28]. The cut
silk samples are provided in courtesy of Dr Carl Michal from the department of Physics, UBC.
The actual method of silking are briefly stated here.
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Two or three times a week, the spiders are taped down to a plate as depicted in Figurel. All of
the spider legs are retrained to prevent interference with the silking collection process. The
draglines usually protrude from the backside spinneret, and this initiate the pulling process. If
none is visible, gently stimulating the spinneret with tweezers usually produces dragline. The silk
is then wrapped around the mandrel for continuous silking. From viewing through the dissecting
microscope, the minor ampullate silk is prevented from contaminating the dragline silk by
separating the two and taping the ampullate silk aside. The drawing of the silk is completed at a
rate of 2-4 cm/sec. The spider is fed before, during and after the silking process, as well as on

non-silking days.

dragline
silk

N

f { r 4 ]

/v microscope \

L ]

-

Figure 1: Extraction of silk samples. (Courtesy of D. Hijirida)

The spider is fed with Dubellos’ modified Eagle Medium (Gibco) enriched with 10% w/v L-
alanine-3,3,3-°H, (Cambridge Isotopes Labs, Andover, MA).

The silk was dissolved in a 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) solution (Sigma-Aldrich)

with a ratio of either 1% w/w or 0.5% w/w [29]. For example, if 1 mg of raw spider silk is used,
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given the density of the solvent is 1.596 g/cc, the amount of solvent that is required for mixing
with the fibers is calculated as follows:

1 mg = 0.001 g = 1% of final solution

Total mass of solution =0.001 /1% =0.1 g

(0.1 g—1mg)/1.596 g/cc=0.062cc=62 ul

Formic acid has been previously reported as a solvent that dissolves spider silk [30]. However,
there are several disadvantages to using this solvent. First, it is a strong and much more toxic
acid which is much harder to handle than HFIP (which is an alcohol). Secondly, formic acid
dries slower than HFIP. This longer drying process may provide more opportunity for abnormal
behaviors during formation of the membrane. We could counteract this by using heating/oven to
speed up drying. However, this process will alter the material since spider silk is sensitive to

temperature [26].

A number of other solvent has also been tested to see whether or not it can dissolve spider silk.
The test is performed by putting one 5 1 droplet of 1%w/w spider silk solution (dissolved in
HFIP) on a glass plate. This droplet is then mix with 5 x 1 droplet of the solvent under question.
If the mixture becomes cloudy, precipitation occurs, and the spider silk is therefore not soluble in
this particulate solvent. None of the five solvents tested were successful. Table 3 tabulates the
findings. Please note that perhaps the volume added reached saturation point for the solvent,
therefore resulted in precipitation. Due to small reserve of silk, we could not perform test with

raw silk with all the solvents.

3.1.1.1 Thin film experiment parameters

The solution was allowed to dissolve for approximately 24 hours at ambient temperature before
spin-coating onto a silicon wafer. A 10 x1 droplet was spun at approximately 500 rpm for 30

seconds. It was then air dried for further thin-film mechanical measurements.

Parameters involved in the thin film preparation process were initially tested.
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Table 3: Solubility test for spider silk with S possible solvents
SOLVENT RESULTS

Acetonitile The droplets on the edges showed definite
separation of the two solvents, droplets formed
in the center of the membrane did mixed and

formed cloudy film immediately

Methanol Slightly cloudy, better than Acetonitile, part of
the droplet stayed on top of the film, and did not
dissolve.

Isopropanol Cloudy

Methanol Chloride Cloudy

Chloroform Slightly cloudy

1. Length of time needed for dissolving the spider silk

By eye inspection, the spider silk was completely dissolved in approximately 50 minutes.
When waited over night, no significant difference can be seem in the solution. However, the
thin film formed using the over night sample appear to be slightly smoother then the ones
formed using the shorter mixing time. Both film had ripple like surface, which will be shown

in figures later on the chapter.

2. Spin coating speed

1% w/w solution was first used. When no spin coating was performed - simple droplet
formed on silicon substrate — it resulted in a coffee stain like surface, where the darker ring
on the outer edges can be seemed. When spin coating was introduced at 500-750 rpm, the
surface appeared to be smoother; the shape appeared to be more circular. However, due to
the viscosity of the solution, once the rpm was increased up to 1200 rpm, the solution started
gather to the edges, and created a donut shaped surface. 0.5% w/w solution was found to be

more susceptible to spin coating speeds close to 1000 rpm.
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3. Spin coating time

The solution is fairly sticky and viscous in nature. Once exposed to air, the film also dries
quickly due to the solvent volatility and the nature of the silk. Therefore, it is important to
spin coat immediately after depositing the droplet onto the spin coater. It is found that after
30 seconds of spin coating, the film surface started to dry and was no longer susceptible to

spin coating. Therefore, all samples were completed with spin coating time of 30 seconds.

3.1.1.2 FTIR
FTIR review

Infrared spectroscopy can be used for almost any type of samples as long as the material is
composed of, or contains compounds (rather then pure elements) [31]. It relates physical
properties to chemical analysis by measuring infrared intensity versus wavenumber of light. The
IR detects the vibration characteristics of chemical functional groups. When an infrared light
interacts with the matter, chemical bonds will stretch, contract and bend. As a result, a chemical
functional group tends to absorb infrared radiation in a specific wavenumber range regardless of
the structure of the rest of the molecule. This can therefore be used to detect functional groups in
material. The FTIR first collect an interferrogram which measures all the infrared frequency
simultaneously. The signal is then digitized, and Fourier transform is performed on the signal.

Finally, a single spectrum is outputted by the FTIR [32].

FTIR test

FTIR (Fourier Transform Infrared-Red) measurement is used to characterize the spin-on spider
silk film. In this study, 40 u1 of spider silk solution with 1% w/w ratio were deposited using a
pipette onto a potassium bromide crystal plate. It is important to cover the exposure area
completely to avoid noise. The film was allowed to dry for 24 hours, and was then inserted into

the Bomen MB100 120 FTIR spectrophotometer with a4 cm ™' resolution.

Before the sample is tested, a background is taken using pure Potassium Bromide crystal plate.
This way, the background could be subtracted from the spider silk sample to obtain the final

graph. The peaks are then chosen by using the arrows on the computer.
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3.1.1.3'Nano indenter for thin film mechanical testing

Nano indenter Review

Indentation method is one of the most common methods of measuring mechanical properties of
materials. Earlier indentation methods require the area of the indentation be visible for
calculating the properties.. However, with introduction of depth sensing indentation methods, the
properties can be observed with only knowing the load and displacement of the indentation tip

[33].

Instrumented indentation - the general name for depth sensing or nanoindention has become
increasingly popular in providing the mechanical responses of materials from metals and
ceramics to polymeric and biological materials [34]. Many systems can be generalized in terms

of schematic shown in Figure 2.

-— Load Application Device
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Probe Tip
o
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P Sample
[ i

Figure 2: Schematic illustration of an instrumented indentation system

Typically, force is applied using either electromagnetic or electrostatic actuation. A capacitive
sensor is used to measure displacement. In MTS nano instruments, the axis of the indentation is
vertical, and in some other cases, it can be horizontal. Most indentation is force driven devices,
such that the force history is most easily controlled with displacement control, achieved through

signal feedback [34].
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In this work, mechanical properties of the regenerated spider silk were tested using a nano
indentation machine (Nano Indenter XP, MTS, USA). The indentation tip is a Berkovich
diamond tip shaped as a regular tetrahedron [35]. An optical transducer and a force transducer
are used to record the distance and resistance force experienced by the tip during indentation
experiments. The nano indenter is programmed to measure material properties in a Continuous
Stiffness Measurement (CSM) mode. The CSM is accomplished by imposing a small sinusoidal
varying signal on top of a DC signal that drives the motion of the indentation tip. This allows
continuous measurement data to be obtained along any point of the loading curve and not just at

the point of unloading as in the conventional measurement [36].

Main mechanical properties obtained through nano indentation are hardness and modulus values.
However, the TestWork software can be programmed to collect property such as viscoelasticity.
The machine also has application in measuring adhesion properties through two possible
methods: one is evaluating the size of a blister created by the indentation; the second is the more
popular method of making a scratch while continuously increasing the load on the indenter and
evaluating the force at which the film fails catastrophically. However, the second method is very

qualitative and only work well for weak film-substrate interfaces [37].

Several unconventional application of the nano indentation method has also been introduced by
MTS. For example, a universal testing system named NANOBionix, which has been able to
characterize the spider silk fiber with great accuracy and repeatability. It is a tensile testing
machine that is capablé éf measuring force and. extension on the nano scale with high noise

“control [95].

A MEMS application using the nano indenter XP and the software TestWorks EXPLORER was
also developed based on customer demands. A semiconductor circuit probe is tested similar to
Figure 3 below, where the maximum lateral force is found in order to predict its in-service

performance [38].
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Horizonal load

Figure 3: Schematic of test. Cube-corner face shears through probe tip.

Thin film test

Two samplesif')f 1% and 0.5% w/w dilution thin film were used with indentation depth of 500

and 200 nm, respectively. The rest of the parameters are left in its default setting. The preset drift

is often found to be difficult to obtain during day time testing. A drift value up to 0.5 nm has

been used and showed not significance in final test data. Two sets of sample data (horizontal and
“vertical from edge to edge) were collected for each film. Each has 8-10 indentation points.

Hardness, elastic modulus and viscoelasticity of the film were obtained.
3.1.2 Results and Discussion

3.1.21 FTIR

Previously, FTIR measurements of native spider silk fibers have shown peaks corresponding to
Amide I, II and III vibration modes. These peaks correspond to the strength and arrangement of
polypeptide that are present in its secondary structure. The material properties of spider silk have

been shown to be strongly linked to its secondary structures [9, 30]. FTIR peaks at 1652 and

1669 cm ' in the Amide I region have been assigned to « -helical and S -sheet backbone

conformations respectively [9, 39]. A peak at 1540 cm ™' in the Amide II band corresponds to

1

disordered conformations,[40] while peaks at 1230 and 1240 cm ™ in Amide III are associated

with f -sheets and disordered conformations [9].
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Figure 4: FTIR spectra of spider silk thin film

As shown in Figure 4, the FTIR spectrum of the regenerated spider silk thin film obtained from a

spin-on process shows peaks at 1660, 1542 and 1242 cm . The three peaks ranging in intensity
from moderate to strong, indicate the presence of « -helical and random conformation

components. The f -Sheet conformation, which is suggested to be responsible for the high

stiffness and strength of the material [6], is not strongly present in this work. This indicates a

change in the material's secondary structure in comparison to the native fiber state.

3.1.2.2 Thin film surface and creoss sectional view

Figure 5 illustrate the visual differences between the two diluted samples. Figure 5(b) shows the
much smoother edge obtained from 0.5% w/w sample in comparison to Figure 5(a), the 1% w/w
sample. Figure 5(c) show one of few voids appeared in the 1% w/w solution. This is suspected to
be a result of viscous solution spun at high rotational speeds. Figure 5(d) shows a small visible

piece of fiber that was not dissolved into the solvent. Previous study has reported similar findings

[6].
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Treatments mentioned Seidel. A (1998) suggested filtering of the solution with filter pore size of

1 £ m. Subsequent evaporation of the solution was suggested at ambient temperature over a 24
hour time period and further annealed in a vacuum for 60 °C for 16 hours to obtain a fiber.

However, overall, the number of fiber pieces within the film was small, thus it is not a significant

indication of low solubility, or will not have any major effect on the overall film properties.

Figure 5: Microscopic picture (magnification x100) of spider silk thin film edges
a) sample 1%w/w; b) sample 0.5% w/w; ¢) 1% w/w with large void; d) 1% w/w with short
undissovled fibers

Figure 6 are SEM images of the thin films which shows cracking and surface roughness that is

much more prominent within the 1%w/w sample.
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Figure 6: SEM picture of thin film spider silk a) sample 1% w/w b) sample 0.5% w/w

Figure 7 shows a cross-sectional view of the thin-film spider silk. Porosity is consistent
throughout the film, and there is no significant porosity difference between the two diluted
solutions (1% and 0.5% w/w). These voids can be explained by the evaporation of the HFIP
solvent, which is present in both films. It is also evident that the film surface is not completely

smooth. Grey pore like features or asperities are scattered throughout the surface.

Figure 7: Thin film cross section of (a) 1% w/w (b) 0.5% w/w spider silk

Smooth thin film was also obtained through 0.25% dilution. Figure 8 shows the cross section of

the thin film. The thin film thickness range from 3 g m around the edges to 500 nm near the

center of the film. This shows that with a reduction in dilution, smoother and thinner film can be

made using spin coating techniques.
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Figure 8: Cross sectional view of 0.25% w/w spider silk solution (a) film near the edge, (b) film near
center

3.1.2.3 Mechanical Testing

Results from mechanical testing of the film are obtained by nano indentation method. Please note
that elastic modulus is obtained using this method, rather than using properties observed from a
stress and strain curve. This is based on the fact that spider silk material property is similar to
rubber [13], which exhibits nonlinear elastic behavior [41]. Therefore, when determining the
elastic properties, linear assumption used for material such as steel or aluminum can not be

applied here.

The data collected using nano indentation has taken into consideration of the substrate effect on
thin film tests. This has been previously documented in many studies [42, 43]. Using a widely
accepted rule of thumb, the intrinsic property of the film can be reasonably detected with
minimal effect from the substrate when the indentation depth is kept to 10% of the film thickness
[44]. In addition to this rule of thumb, the relative properties between the film and the substrate
are also very important. The more disparate these properties are, the shallower the data needs to
be taken. For thin films less than 1 um, there is truly no measurement of the film that is 100%
substrate independent. However, the best measurements taken are within the first 10% of the film
thickness. For a 5 um film, the film begins to behave much more like a bulk material,
maintaining the displacements from indentation experiment within the film [45]. Since the

thickness of our sample is between 5 and 10 gm, the material should act more similar to a bulk

material. In addition, only consistent mechanical property data within this region is used in this

work, which should improve the accuracy of the nano indentation data.
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Figure 9: Elastic modulus value vs. penetration depth for central point

Elastic modulus data for a center point is shown in Figure 9. The data is found to be fairly
consistent during the first 500nm. Noise in the initial 50nm is often present, therefore, value

collected within this region was not considered.

Since our sample is consist of soft material on hard substrate, as the penetration depth increases,
the substrate effect will become more prominent. We expect to see an increase in the modulus
value until we reach data point that represents modulus value of the pure substrate. This effect

was found and shown in Figure 10.

Because the sample was circular, two sets of sample data (horizontal and vertical edge to edge)
were collected. The two data sets are perpendicular to each, with 7-8 points each evenly spaced.

This set up will check to see whether a change of properties can be detected across the diameter

of the film.
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Figure 10: Substrate effect for 0.5% w/w spider silk film sample with 3000 nm penetration dept

Figure 11 shows the averaged modulus value for each penetration point on the vertical and on the
horizontal line. These 2 values were comparably close, especially for the more central points.
This is expected, since, from the microscopic pictures, it can be seen that the surface consistency
of the material around the edge of the sanif)le is not as homogeneous as the central areas.
Overall, the elastic modulus was found to have a mean value of 6.266 GPa with a standard
deviation of 0.674 for the horizontal data set, and 6.032 GPa with a standard deviation of 0.773

for the vertical data set.

Hardness of the material was also tested. Similar to Figure 11, Figure 12 is constructed based on
hardness values. The horizontal data appeared to be more consistent than the vertical dataset.
This is slightly unexpected; however, this follows the trend of the modulus data, since its vertical
dataset also had a larger standard deviation. Perhaps, the vertical data points are slightly less
smooth then horizontal points, which can affect the final values. Overall, the hardness test data

for the horizontal data set was found to have a mean value 'of 0.293 GPa with a standard
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deviation of 0.023. The vertical dataset was found to have a mean of 0.31 GPa with a standard

deviation of 0.065.
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Figure 11 : Elastic modulus value collected across the film in vertical and horizontal directions
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Figure 12: Hardness value collected across the film in the vertical and horizontal directions
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Further testing was completed using nano indenter where the viscoelastic data was also collected.

This is presented in table 4.

Table 4: Mechanical testing of thin film spider silk

SAMPLE ELASTIC MODULUS HARDNESS VISCOELASTICITY
(GPA) [STD] (GPA) [STD] (LOSS TANGENT) |STD]

1% w/w 7.251 [0.494] 0.276 [0.005] 0.0436 [0.0065]

0.5% w/w 4.41[0.342] 0.182[0.012] 0.0442 [0.0012]

The elastic modulus and hardness decrease as the %w/w ratio of silk to solvent decreases. This is
likely due to the difference in fibroin concentration. However, an advantage of the 0.5% w/w
solution is its film consistency, reduction in surface roughness, and its increased sensitivity to the

effect of spin-coating speed.

As shown in Figure 7, the film porosity appears to be less prominent on the upper region than the
lower region of the cross section. The mechanical testing data are mostly collected on the upper
region of the film thickness (the first 500nm), and this could be a contributing factor in the high

Young's modulus value that is not common in porous materials.

Data on the viscoelastic properties (loss tangent) of the film are obtained for the first time in this
experiment. The loss tangent showed no dependency on %w/w dilution in the range used and

was found to be similar to the loss tangent of human bone specimens (0.05) [46].

3.2 Spider Silk Microbridge

A surface micromachining technique was developed to fabricate a spider silk microbridge and

fracture testing was performed. Stress and strain plots were obtained.

3.2.1 Experimental Methods

Microfabrication
Spider drag-line silk is dissolved in 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) solution with a

ratio of 1% w/w. In order to demonstrate a first micromachined spider silk microstructure, a
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modified surface micromachining process with a sacrificial etching technique [47] was carried

out to fabricate a free-standing spider silk microbridge.

Figure 13(a), shows a silicon substrate that is anisotropically etched to form a cavity. Sugar
solution (50% wt) was poured into the cavity and air dried to form a sacrificial layer (Figure
13(b)). The spider silk solution was then deposited using a 2 x| needle syringe and air dried
(Figurel3(c)). Finally, the silicon substrate was immersed in water to "etch" away the sugar

(Figure 13(d)), leaving the free-standing spider silk microbridge shown in Figure 13(d).

(a) Etch silicon (b) — Fill sugar solution
—Etched silicon wafer ------- Dried sugar solution

S 168w,

(c) — Deposit spider silk (d) — Etch away sugar
solution  Dried microbridge with water

Figure 13: Sacrificial etching process steps to fabricate spider silk microbridge

The use of sugar is spun from the idea that spider silk does not dissolve in several polar solvents,
including ethanol, methanol and water (in the order of increasing polarity). However, the
solvents affect the material properties of the silk. Research has demonstrated that with increase
in polarity, a decrease in modulus and breaking strength can be found [20]. Originally, methanol

and ethanol were more desirable choices because they have lesser effect on spider silk. However,
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these alcohols are best known for dissolving organic materials such as natural of synthetic resins
or oils. Therefore, it was difficult to find a suitable matertal that will dissolve in these two
alcohols, and still be able to crystallize to form a sacrificial layer. Water was then chosen
because it dissolves a variety of different crystals. In order to find the best lifting solution, the

following materials were tested. Sugar was chosen for its fast crystallization and low cost.

Table 5: Material tested for lifting solution

MATERIAL OVERNIGHT RESULTS

Sodium Carbonate Small island of crystals, donut shape
.Sodium bi-carbonate Liquid

Ammonium sulphate Crystallized fast

Calcium chloride Liquid

Potassium chloride Partly crystallized

Sugar (glucose) Crystallized fast

Salt (sodium chloride) Solid salt need to be grown from a seed, or else

its solution dries to become particles

A 50/50 sugar to water solution was mixed until all the sugar crystals were completely dissolved.
Initially, the sugar drops were deposited into the etched slot on the substrate through one of its
openings. The sugar was evaporated, crystallized and solidified. This left a convex shape to the
sugar surface (Figure 14). More sugar solution was added, and the step was repeated until the
dried sugar filled the opening. Due to water tension, the final sugar layer has a concave surface
(Figure 14). The protruding sugar crystal 1s then sanded away or carefully removed by a knife.
Si
-/
7

Sugar

-

Figure 14: Initial sugar hardening process
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These steps were long and tedious; it took up to several days at a time. An improved method was
developed by using the hotplate to speed up the drying process. A piece of Teflon tape act as a
bottom seal which keeps the sugar solution within the slot. The hotplate is kept at minimum
temperature, and the sugar is essentially baked and hardened. This process takes approximately
3-4 hours. Once finished, Teflon tape is removed, revealing a flat sugar surface ready for

deposition of the spider silk beam.

Fracture Testing

The nano indentation machine was used to perform fracture testing on the microbridge sample.
The high load method was used to apply a concentrated load in the center of the microbridge by
the indenter tip. In order to prevent indentation occurring in the spider silk layer, a large silicon
chip (approx. 500 x 800 x 1000 um®) was inserted between the nano indentation tip and the
microbridge during the nano indentation process. The load was gradually increased until the

microbridge had fractured. The results of load versus displacement curve were converted into

stress-strain curves.

A nano indentation machine was used for a loading-unloading test on the spider silk microbridge
and the results are shown in Figure 15. The microbridge was first loaded up to 5 'mN and
unloaded. A second loading-unloading cycle with a larger maximum force of 100 mN was then
applied and released. The unloading did not follow the path of the loading curve. It can be
concluded that plastic deformation appear to have occurred with the loading of 5 mN. To
examine more closely, the 100 mN loading-unloading cycle overlaps with the 5 mN load when
the initial displacement is small. This contradicts the previous statement that plastic deformation
has occurred. From this overlap, it seems that the film was able to eventually recover the
deformation caused by the 5 mN loading cycle. This is an evidence of load hysteresis. In this
study, a minimum of 15 minutes was allowed between each cycle. To examine whether time
between loads was part of the equation for spider silk recovery process, an additional sample was

tested where no time was allowed between the loading cycles.
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Figure 16: Loading and unloading with hold time of 30 seconds
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Shown in Figure 16, the sample is allowed to stay at maximum applied load for 30 seconds
before unloading is performed. A higher stress was reached with every subsequent loading. The
unioading stops at 90% of the total maximum load and reload with the next cycle. Taking a
closer look at the unloading of cycle 3 and loading of cycle 4, we can see that the slope of cycle
3 unloading is slightly different than the loading, however, the spider silk was able to recover,
and the loading of cycle 4 appear to be very similar to loading of cycle 3. This also is evident
between cycle 4 and cycle 5. In this case, the time between the loading and unloading did not
play any significant role in tﬁe hysteresis curve. Additional test should be completed to better
map the hysteresis by loading the sample to near maximum load and unloading to 0 with several

repeated loadings.

A fracture test was carried out on the spider silk microbridge using a nano indentation machine.
The loading fofce was increased gradually and the displacement was recorded until the beam
fractured. It is assumed that the spider silk microbridge is a beam like structural member, with
fixed-fixed ends. Since the load is applied on to the beam through a large silicon chip, the beam

experiences a distributed load instead of a point load.

A\ 4

The maximum moment will be experienced by the two fixed ends. Using method of integration

for statically indeterminate beams, the maximum moment is calculated below [41]:

d*v wL w

El— = —x-—x*-M
dx 2 2
d L
E1& = 2o Wy - Mx+C,
dx 4 6
Elv = W—Lx3 Wy +Cx+C,
12 24
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With three unknown, and three boundary conditions:
dv

DDv=0atx=0 2);—=Oatx=0 3)v=0atx=L
X

M can be solved as,

m=r
12

where M is the maximum moment at the fixed-ends, F' is the loading force applied by the

indentation tip and L is the length of the original beam. The normal stress can then be calculated

using [41]
M-c
g =
1

where ¢ is the maximum stress, ¢ is half of the thickness of the beam, and 7 is the moment of
inertia of the cross section area (which in this case assumed to be rectangular) of the beam. The

strain is calculated following the Pythagorean theorem.

1° +B? =C?
where, B is the vertical distance traveled by the nano indentation tip, and C is the new length of

the beam. Therefore, the change in beam length, A is equal to C-/. The strain is then calculated

by —?— The first fracture test results are shown in Figure 17. The SEM of the actual microbridge

1s shown in Figure 18. The release of the beam was difficult to control as the beam deposited on
the sacrificial layer vary in size. Some of the failed attempts were also imaged using SEM, and
this can be reviewed in Appendix A. This appendix also includes side view of a microbridge,

where the thickness can be estimated.
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3.2.2 Results
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Figure 17: Initial Fracture testing result

The fractures occurred at the fixed-ends where maximum moment and maximum normal stress
occurred. This is clearly shown in Figure 18(b). The initial fracture test showed a maximum
stress of 50.8 MPa and a strain of 1.44%. Additional tests were f)grformed following the same
methods to verify the data, as well as to verify the repeatability of the test method. Figure 19
shows a stress-strain curve obtained from the fracture testing. Three microbridges were tested.
The fractured strength was found to be in the range of 65.6-85.1 MPa with a strain range of 1.84-
2.4%. One main contributing factor in thé differences observed between the three sets of fracture
data is due to the variations in the dimensions of the microbridges. These microstructures are
immersed in water in order to be released from the sugar sacrificial layer. The volumetric change
of the microbridge depends on the time in which it is in contact with water, therefore it is

difficult to control.
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\WD27.4mm 20.0kV x60  500um

Figure 18: SEM photo of the spider silk microbridge (800 x 800 x 40) before (a) and after (b) a

fracture test

The reported regenerated spider silk in a fiber form had UTS of 320 MPa and breaking strain of
approximately 10-14% [48]. The material properties (UTS and breaking strain) obtained in this
work is significantly lower. This difference could be explained by the lack of post-drawing
process involved in the spider silk thin film spin-on formation, as compared to fiber formation

with repeated post drawing steps [29, 48].
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Figure 19: Stress and strain curve of a spider silk microbridge. The UTS' were measured as 65.6,
67.6, and 85.1 MPa, for the three samples with microbridge widths of 0.9, 0.8 and 0.4 mm
respectively. The other dimensions are identical between the three samples

An additional factor to consider is the effect of water on the spider silk film. In this experiment,
the microbridge must be immersed in water in order for it to be released. Previous studies have
shown that water causes changes in the arrangement of the silk fibroins and causes super
contraction of the silk fibers that can decrease the ultimate tensile stress and increase the
brittleness of the material [29, 39, 49]. When regenerated fibers were stretched in water, their
ultimate tensile stress was reduced to 25 MPa [29]. 1t is unlikely that our silk structures would
super contract in the same fashion that native fibers do, however the immersion in water likely
does allow some rearrangement of the protein polymer backbone. With evidence showing the
importance of post drawing and the effect of water on the spider silk, it can be concluded that the
reduction in elasticity as well as UTS are a product of these two effects. However, the

regenerated spider silk thin-film studied in this work has a much higher ultimate tensile stress
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compare to hydrogel (with UTS in the range of 10 MPa [50]) and PDMS (with UTS in the range
of 2.4-7 MPa [51]).

In order to avoid the usage of water (due to its effect on the material properties) and to obtain
better control over the size of the microbridge, new micromachining process should be
implemented in the future. Inkjet printing has been widely used to produce many polymeric
microstructures for MEMS. This technique avoids the difficulty in controlling the etching
surface of polymers. This inkjet technique was also implemented in this study. However, due to
the lack of spider silk supply, this set of experiments could not be completed. The preliminary

work including experimental design, setup, and results are shown in Appendix B.

3.3. Summary

This chapter presented regenerated spider silk as a biomaterial for MEMS. Thin-film formation
using a spin-on process and a surface micromachined spider silk microbridge were demonstrated.
Mechanical testing on both the thin-film and spider silk microbridge were performed using a
nano indentation machine. The elastic modulus of the thin-film spider silk was found to be 7.251
GPa. A viscoelastic property, loss tangent, was found to be 0.044 and is close to the value of
human bone. The ultimate tensile strength was found as 85.1 MPa by fracturing a spider silk
microbridge and is 2 to 10 times higher than conventional biopolymers such as hydrogel that

have been used in MEMS fabrication.

The method for fracture testing should be improved for future work.-A setup resembles an
Instrum machine should be fabricated. In this case, the two ends of the free standing microbridge
will be attached to two separate pieces. As the pieces are being pulled apart, strain and stress

measurement can be made.

The currently sacrificial layer consists of sugar where the silk is exposed to water. In order to
reduce or eliminate the effect of supercontraction, it is desirable to find a new sacrificial material
which can be a solution that will crystallize and eventually dissolve into a solvent that is less

polar than water, for example ethanol.
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CHAPTER 4

Spider Silk Beam Using Ni for Magnetic
Actuation

A magnetic beam is formed by creating a new composite material consists of spider silk as the
matrix with Ni particles embedded within. The beam is designed and fabrication steps were
developed. Its magnetic properties were measured along with its material properties. Its
mechanical properties were tested using a static bending test. The fabrication requires small
number of steps and no expensive processes or equipment. This demonstrated a proof-of-concept

design for potential MEMS applications such as sensors or drug delivery devices.

4.1 Magnetic theory

Integration of magnetic components into MEMS as a way of acquiring additional functionality
has long been studied and reviewed [52]. Devices using magnetically actuated optical fibers and
sensors have been found to be feasible due to advantages of low power consumption, long-
distance movement and large actuation force [53-56]. Magnetic particles used for ferromagnetic
composites have also been used in MEMS application [57, 58]. Incorporating these existing

technologies, we present here a spider silk magnetic beam for potential biomedical applications.

Magnetic behaviour of a material is governed by the interaction between the dipole moment of
its atoms and the external magnetic field. Based on this behaviour, materials can be categorized
into diamagnetic, paramagnetic or ferromagnetic. Diamagnetic material has no permanent
magnetic moments, where as the other two maintain permanent magnetic moments [59].

Paramagnetic material exhibit a magnetization that is in the direction of the applied field, and is
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proportional to this applied field. Ferromagnetic materials possess large permanent
magnetizations even in the absence of an applied magnetic field. When under an external
magnetic field, it tends to stay magnetized even if the external field is removed, and this
tendency is called hysteresis. The percentage of the saturation magnetization that is retained after

the removal of external field is called the remanence [60].

Engineering materials are typically classified as either soft or hard magnetic materials. Soft
magnetic materials such as Iron and Nickel require relatively low magnetic field intensities to
magnetize and demagnetize. These materials are often suitable for applications where the
magnetic field varies cyclically, such as electric motors [59, 61]. Hard magnetic materials such
as rare earth cobalt, Strontium ferrite have a wider hysteresis loop than soft magnetic materials,
thus, requires high magnetic field intensities to magnetize and demagnetize. It tends to have very
large coercivity and remanent magnetic field. They are often used as permanent magnets for

motors and generators. [59, 61]

In order to characterize its properties, an M (magnetization) versus H (magnetizing field)
hysteresis loop is plotted for each material. Using the definition of the M-H curve, a good soft

magnetic material would have low coercivity (H;) and high permeability( ¢ ) [S7]. Low

coercivity means the magnetization field required to totally demagnetize the sample is small, and
thus requires low power consumption. High permeability means it is easy for the magnetic field
to penetrate a medium, thus creating a higher magnetic force [61]. Typical ferromagnetic
materials such as Ni or Fe are chosen here for these desirable properties. Without going into
details of magnetic theory, a typical conversion table for magnetic properties can be found in

Appendix C.

Recent work by Hans et.al, has shown fabrication and characterization of a magnetically
actuated fiber scanner. Such optical scanner can be used in vitro for imaging of surface tissues.
By mechanically steering the fiber using external magnetic field, it consumes low power, and
reduces the size by eliminating conventional electric wirings. They achieve this by coating the

optical fiber with a ferromagnetic gel consist of Ni powder and epoxy. They were successful in

actuating the fiber optic under an applied magnetic field with movement in 10~ millimeter
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scale. The following table was presented in Hans work. It clearly illustrates some advantages of

using electromagnetic actuations in MEMS [58].

Table 6: Comparison Chart of different actuation method used in MEMS

ACTUATION METHOD POWER /VOLTAGE | SPEED /MOTION
Piezoelectric [62] 300 V 100 Hz, 1mm
Electrostatic Comb Drive [63] 80V 200-10K Hz
Electrothermal [64] 5280 mW 20 Hz, 140 ym
Electrostatic [65] 75V > 100Hz
Electromagnetic [66] 9 mW > 500 Hz

Fabrication of magnetic spider silk has also been previously reported. In 1998 work by Mayes et.
al, silk’s reversible transformation to a supercontracted state when placed in polar organic
solvent is used to functionalize the fibers in an aqueous based interaction [67]. Natural spider silk
fiber obtained from Nephila edulis is dipped into a water or water/methanol sol containing 10 —
20 nm diameter superparamagnetic magnetite particles for 2 minutes. The fiber is then
withdrawn and allowed to dry in ambient temperature. The result is a dark brown fiber coated
with magnetite nanocrystallites. Spidef silk was able to be functionalized with several other
forms of material or magnetites. With no detailed magnetic characterization, the material was
found to be magnetic by using image of a functionalized fiber being attracted to a permanent
magnet. However, using energy disperse X-ray, they were able to find concentration of iron in

the finished coating, thus, support the new found method in functionalizing the silk fiber.

In this particular chapter, a new fabrication method and characterization will be outlined for
making of a magnetic spider silk beam using regenerated spider silk solution and ferromagnetic

particles.

4.2 Fabrication Method for Composite Beam

Particles were purchased from Electronic Space Product International. Two samples were
obtained: Fe/Ni 1:1 powder (with no specification on particle size) and Ni powder with 2.6

micron specifications. The silk was dissolved in a 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP)
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solution (Sigma-Aldrich) with a ratio of 1% w/w. Once dissolved, the powders were physically

mixed with the solution.

4.2.1 Fe/Ni 50% Powder

The Fe/Ni sample was significantly larger than the Ni particles by eye inspection. Once the
particles are mixed into the spider silk solution, they immediately fell to the bottom due to
weight. Sonication for 1 minute was incorporate into the process in attempt to suspend the
particles. However, due to low viscosity of the solution, this method was not effective. The
solution was then increased in spider silk concentration up to 5%. It appears that not enough
solvent is used to adequately dissolve the silk, thus can not be mixed properly. Therefore, the
dilution was reduced to 3% w/w. The particles remain to be too heavy for suspension after

stirring and mixing.

Since mixing the solution is not an option, another method was implemented to obtain a
magnetic beam. One layer of the spider silk solution was deposited onto the sugar filled hole as
illustrated in Figure 20. The Fe/Ni particle was then sprinkled onto the wet beam by hand, as
evenly as possible. Then, another layer of the spidé?HSil’k solution was deposited on top to create
a sandwich like structure, where a thin layer of particles are coated on both side with a layer of

spider silk solution. Once this beam is hardened, it was release by water. Detail of fabricating a

micro bridge is illustrated in chapter 2.

Spider silk
Ni/Fe

Spider silk

Figure 20: INustration of Fe/Ni beam
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4.2.2 Ni powder with 2.6 microns in diameter

The Ni powder, smaller in size, was easily mixed with the 1% w/w spider silk solution with a
dilution of 15% w/w. Due to the particle density, after stirring and shaking the mixture, the
particles slowly precipitated to the bottom. This takes approximately 30 seconds. This time
window is long enough to collect the mixture in a syringe and deposit it to form a beam

structure.

Previous research had used ferromagnetic gel consist of 30% Ni particles by weight mixed with
epoxy to coat optical fibers [57, 58]. This mixing model is not realistic in this case because the
volumetric ratio of particles to solution is higher, so a 30% w/w mixture would completely
saturate the solution matrix resulting in wetted particles, rather than a mixed solution. Through
gradually adding Ni particles to the solution, a mixture of approximately 15% w/w dilution

appears to be acceptable.

4.3 Fe/Ni Beam

Figure 21 below shows the beam movement in the presence of an external magnetic field. A
plastic fixture is made in order to obtain a longer beam for easier detection of the beam

movements.

Figure 21: Fe/Ni 50% spider silk beam

The final beam is mainly consist of particles, thus the surface appear very rough and reflective. It
was also difficult to obtain an evenly distributed particle layer as the amount and the location of

the particles were hard to control. Therefore, the beam does not only move up and down, it also
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tilts on an angle depending on the distribution of Fe/Ni particles. This method was successful in
showing the design concept, however, there is a lack of control over the beam movements,

therefore, no additional experiments were performed on the Fe/Ni spider silk beam.

4.4 Ni particle beam

Ni spider silk solution performed better in forming a more evenly distributed composite beam.
The beam appears black in colour, and have no large visible particles, like the ones seen in Fe/Ni

beams.

4.4.1 SEM image

SEM images were taken to examine the Ni spider silk film deposited on silicon substrate.

WD27.4mm 20.0kV x35  lmm

WD24 Smm 20 0kV. x300 10

Figure 22: SEM imaging of Ni-spider silk film (a) x90 top view (b) x35 cross section view (c) x300 cross
section view (d) x10k top view

The film was found to be porous with rough surfaces. Figure 22(a) and (b) illustrate the top and

cross sectional view of the film respectively. The porosity of the film is clearly illustrated in the

41




two figures. By increasing the magnification (Figure 22(c)), we can see that the porosity is
consistent throughout the film. The structure also shows conformation where the particles are
branching in all directions. In Figure 22(d), which shows the film at 10k magnification, we can
see that the particles are either covered or joined together by spider silk. The silk appear in the
gray areas pointed out in Figure 22 (d). The silk thus plays an important role in providing

structure support.

In order to understand whether this morphology is a result of the spider silk, or of the Ni
particles, a SEM image of pure Ni sample was taken. The film was formed by using pure Ni
particles and dissolving them into methanol. This mixture was then deposited onto a silicon chip.

The methanol evaporated immediately, leaving a layer of Ni powder.

Wb14 . Omm 2

C

i WD13. 2mm 20 0kV: x10k oum

Figure 23: Comparison between pure Ni sample and Ni-spider silk sample a) x10k Ni b) x1k Ni c¢) x10k Ni-
Spider silk d) x1k Ni-spider silk

Figure 23 compares the morphology of pure Ni film with Ni spider silk film. The pure Ni particles
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in figures 23(a) and 23(b) are likely to be held together by van der Waals forces. This stacking
formation is apparent in both pure Ni and Ni spider silk film. This confirms that the morphology of
the Ni spider silk material follows the packing preferences of the Ni particles, with the spider silk
film working as a glue-like matrix to maintain the structure. The spikes shown on the particles are
inherent of the Ni samples, and are not a result of spider silk coating. These spikes appear less
distinctive in 23 (c) in comparison to 23 (a), this further confirms that the spider silk material is

dispersed amount the particles, thus reveal less details of the particle shapes.

4.4.2 Mechanical property

A fracture test was performed on the Ni-spider silk bridge using a nano indenter. This process
was outlined in chapter 3. The material properties of the film are significantly lower than
regenerated spider silk. The ultimate tensile stress and strain were found to be 2.1 MPa and

1.1% respectively.
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Figure 24: Fracture test stress vs. strain curve

This significant drop in material property in comparison to regenerated spider silk film

(discussed in chapter 3) is due to the porosity of the material, where its morphology resulted in a
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high number of stress concentrations found throughout the film. With such low maximum strain,
the material is shown to be very low in ductility. The material property should improve if the
dilution was reduced significantly. In this initial study, the maximum dilution was used in order

to increase the material’s magnetic properties

4.4.3 Magnetic property

Review on SQUID magnetometer

The Superconducting Quantum Interference Device (SQUID) is the most sensitive instrument for
measuring magnetic field [68, 69]. It is based on the electric currents and magnetic fields
interaction which occurs when certain material are cooled below the super conducting transition

temperature [69]. This is the temperature at which material has no resistance to electricity flow.

The setup consists of two super conductors separated by thin insulating layers to form two
parallel Josephson junction. Device based on this characteristic are used in high speed circuits.
The functions can be designed to switch in times of a few picoseconds. A current is induced in
the super conductors, and oscillating voltage is measured at the two junctions. Any magnetic flux

change as a result of the sample will be sensed by a change in this oscillating voltage [60].

Experimental methods

A Quantum Design RSO SQUID magnetometer at 300K was used to test tﬁe film samples. The
Reciprocating Sample Option (RSO) allow DC magnetization data with féster acquisition time
while maintain high sensitivity [70].

The Ni spider silk solution was mixed at 1% ratio, and was then deposited onto a 3x3 mm®
silicon chip. The sample piece is considered to be point source, therefore by specification, the
sample must be smaller than 5x5 mm? in size. The sample is mounted onto a Quartz rod using a
General Electric made special resin. Once securely attached, a clear straw was used to cover this
sample mounted rod. Oxygen has paramagnetic properties, and thus is not desired in the SQUID.
In order to avoid any oxygen trapped within the sample rod and the straw, small holes were

placed along the straw cover. Once the sample was ready, it was attached to a carbon fiber rod
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and inserted  into the magnetometer chamber carefully. The temperature in the SQUID is
controlled by helium heating. The sample is initially tested at 0 Oe and 300K.

Once data is collected, a correction factor due to the silicon substrate must be incorporated. The
raw data obtained from the SQUID is the total magnetization. This is the result of magnetization
of the thin film (ferromagnetic) plus that of the silicon substrate (diamagnetic). This is shown in
figure below.

Miotat = M thin film + M s;

Mihin £itm

—_— M total

Figure 25: Final moment curve is consist of moment curve of the thin film and of the silicon substrate

Assuming that each end point of the My, hysteresis curve represent the saturation
magnetization, and its slope represent the slope of the M; curve; if the Mg curve has a linear
slope,

Mg;=x o H

AM
AH

Q

o H

where H is the magnetization field and M is the magnetization of the sample.
Therefore, using the average value of the slope at the end points of the My, curve, a correction

factor can be found. This factor is then used to convert Mg, data to Minin i data.
AM
Mihin film = Miotal - Msi = Miotal — avg (E) oH

Result

Figure 26 shows the magnetic hysteresis loop measured using a Quantum Design RSO SQUID
magnetometer at 300K. The saturation magnetization (Ms), coercivity, and remenance ratio
(Mr/Ms) were found to be 0.028 emu/g, 74 Oe and 13.4%, respectively. These measurements

were performed on a 14% w/w mixed sample. Compare these data with bulk Ni, which has Ms,
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coercivity and remenance ratio of 55 emu/g, 100 Oe and 5% respectively [101], we can see that
the saturation magnetization for our samples is significantly lower than bulk Ni. The hysteresis
loop shows the material to be ferromagnetic. It has a low coercivity similar to that of pure Ni,

showing that it is a soft magnetic material.
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Figure 26: Ni-spider silk M-H hysteresis loop

4.5 Magnetic actuated beam

4.5.1 Experimental method

A free standing microbridge was formed using sugar as a sacrificial layer. Once the beam was
stiffened slightly (approximately 15-20 minutes after release), a scalpel was used to lightly
remove one fixed end. This created a cantilever beam, which will be more susceptible to the

- external magnetic field. The sample was then dried in ambient temperature for 75 minutes and

the static testing was carried out. Once this was completed, the test was repeated at a drying time

of 7.5 hours and 24 hours.




The static testing involved use of a microscope, a plastic sample holder, and a fixture where the

magnetic field can be varied by moving the permanent magnet. The setup is shown in Figure 27.
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Figure 27: Bending Test Set Up diagram

Two cylindrically shaped permanent magnets were stacked on top of each other, with one side
attached to a glass rod using epoxy. A glass rod was chosen to maintain a strong magnetic field.
If the holder contained metallic or magnetic material, the magnetic field created by the two
permanent magnets could be dispersed. A simple illustration of the magnetic fields is shown in

Figure 28.

METALLIC ROD

= %

Figure 28: Hlustration of magnetic flux lines along metallic and glass rods

4.5.2 Static bending data results and discussion

The magnetic induction created by the permanent magnet was mapped using a FW BELL
handheld gaussmeter model 4048. As the distance from the permanent magnet decreased, the

magnetic induction increased.
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Review of hall effect gaussmeter

The gaussmeter uses the Hall Effect phenomenon to detect the magnetic field (flux density) of
both AC and DC fields. It uses a transverse or an axial probe to give the magnetic strength
reading. Mounted on the tip of the probe is a hall generator which is made of a four terminal
semiconductor. An input current is applied to the hall generator and an output signal is produced.
This signal is proportional to the magnetic field passing through it [69, 71]. The basic make up
of the probe is shown in Figure 29. Figure 30 illustrate the mapping of the magnetic field using a

transverse probe.
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Figure 29: Illustration of transverse and axial probes [71}
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Figure 30: Magnetic induction (field) applied by the permanent magnet as the distance changes
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We can now predict the magnetic field strength of the permanent magnets by knowing the
distance between the beam and the magnets. This change in field strength can then be plotted
against the amount of bending in the beam. Figure 31 provides sample pictures used to measure

the amount of bending that occurred.

Figure 31: Images used to measure bending movement of the beam under increasing magnetic field. Sample
size 3.25 x 0.98 x 0.17 mm (Length x Width x Thickness)

Figure 32 illustrates the displacement of the beam as the magnetic field strength increases. There
does not seem to be any significant difference between the samples. The error bars of the three
data sets overlap each other, except for the points lying on 1.3 kG magnetic induction. The error
bars are provided based on the maximum and minimum value collected for the same image.
Overall, no significant differences can be seen across the bending results for their allotted drying

time provided that there is a minimum drying time of 75 minutes.
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Figure 32: Bending distance as magnetic induction (field) increases

4.5.3 Dynamic bending data results and discussion

Using a Laser Doppler Vibrometer (LDV), a dynamic testing was performed. A solenoid with
external magnetic field of 0.6 mT was used to actuate the Ni spider silk beam. It was purchased
from Magnetic Sensor Systems. As the LDV shined a laser ray onto the Ni spider silk beam, the
beam’s movement actuated by the solenoid was detected and sent to the output signal port. The
response of the Ni spider silk beam is shown in Figure 33 below. The Top signal is the response,
and the bottom signal is the sinusoidal input signal from the solenoid. We can see that the
maximum peak to peak obtained in this case is 1.6 #m. This is found using a conversion of 2

p# m per Volt.
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Figure 33: Dynamic test data using solenoid. Top signal is response of Ni spider silk beam, bottom signal is
the applied signal from the solenoid.

4.6 Summary

This work has demonstrated that spider silk can be used as a matrix for creating new composite
biomaterials. By mixing Ni particles within this matrix, we have shown a proof-of-concept
method of creating a magnetically actuated spider silk composite. In addition, we have

characterized its material, magnetic and static bending properties.

The amount of Ni powder used in this experiment led to a near maximum dilution. This
contributed to the material’s porosity, and thus resulted in a brittle composite. In future work, in
order to increase its material properties, smaller Ni dilution can be tested. However, this will lead
to a reduction in magnetic properties. The final goal will be to strike a balance between magnetic

and material properties by varying the dilution.

It is recommended that additional methods be incorporated into the experiments. For example,
oleic acid may be used to coat the particle. Since it is a fatty acid, similar to that of lard, it might
help the particles to be more dispersed in solution. It has been used in processes of forming nano

size particles. [75] This could help to improve suspension of Ni particles in spider silk solutions.
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CHAPTER 5

Spider Silk Beam Using Iron Carbonyl
for Magnetic Actuation

In this chapter, a fabrication method is outlined for creating a magnetic composite using spider
silk as the matrix. By eliminating usage of particles, improvements in uniformity as well as
mechanical property can be seen. Therefore, iron pentacarbonyl solution is used here to create an
iron spider silk composite. By using different concentrations of regenerated spider silk solution,
both the film itself and nano spheres containing iron can be formed. Some of these particles form
on top of films, and some form as clusters of iron/iron oxide bound by spider silk proteins. This
special binding property between spider silk proteins and iron/iron oxide is shown here for the

first time.

5.1 Theory

Iron

Iron is an active component in many living systems. It is responsible for oxygen transport and
electron transport and it is found in many proteins that exist in our bodies. Important iron-
containing proteins such as hemoglobin, transferrin and ferritin, perform important functions in

the transport and storage of iron [72].

One of iron’s uses is for therapeutic purposes. Oral and intravenous methods of delivery have
been developed to help chronic health problems such as renal anemia and cardiovascular
complications. Of the two, the oral delivery method is the more common, partly because it is

viewed as the safer option. Iron is generally given orally in iron sucrose that is absorbed into the
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bloodstream and binds to transferring protein. It is then transported to bone marrow for storage
or use. In other situations, it has been used to bind and form heme, which subsequently forms
hemoglobin molecules [73]. This binding process between iron and proteins is something that is
common in our bodies. An example of a heme group containing iron is shown in Figure 34. As
iron sucrose is dissolved into the body, Fe*" ion atom formed. It is then bonded to 4 neighboring
nitrogen atoms to form heme. The heme will then bind with polypeptides to form final

hemoglobin proteins.

HOOC

COOH

Figure 34: Illustration of heme group, showing binding of iron to rest of the heme group molecules

[ron has also been used in concert with protein and peptides for biomedical applications,
specifically for diagnostic and therapeutic purposes. Iron also has the potential to be turned into
magnetic ink or fluids, or used in recording media for diagnostic purposes [74]. Further more,
iron containing biomaterials can be used for magnetically activated micro-sensors and actuators

for biomedical applications.

Iron is also an abundant element around us. Being one of the three main ferromagnetic materials

(Ni, Co, Fe), it has been widely applied for its magnetic properties.

Iron Pentacarbonyl
Iron pentacarbonyl belongs to the homoleptic group of chemical compounds. This means that it
is a metal compound with all ligands identical (CO ligands). Reflecting its symmetrical structure,

Fe(CO)s is volatile, and one of the most frequently encountered liquid metal complexes.
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Figure 35: 3-D model of Fe(CO);

Several magnetic oxide nanoparticles, including 7 -Fe,O; and magnetite, have been synthesized

by using microemulsion, electrochemical deposition, and other methods [75, 76]. Nanoparticle
sizes between 4-16 nm have been observed. Composite films consisting of iron-iron oxide have
also been achieved through chemical vapour deposition of iron pentacarbonyl [77]. More
importantly, polymer coated magnetic nanoparticles have been fabricated using thermal
deposition. This is performed in presence of ammonia and polymeric dispersants. These
dispersant include polyisobutylene, polyethylene, a short polyethleneimine chain and polystyrene

chains functionalized with tetrachtylenepentamine [74, 78].

In this work, instead of thermally or chemically decomposing iron pentacarbonyl, UV light is
used to break the bond between the Fe and the CO groups. Once this bond is broken, carbonyl
will evaporate, leaving Fe atom to form particles. Since iron is hardly ever found in its elemental
state, it is like to see particles appearing in forms of iron oxide or with binding to iron such as
heme shown in Figure 34. These nanoparticles will be formed within the spider silk film to
create a new magnetic spider silk composite. This will be performed under normal room

temperature without high pressured conditions.
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5.2 Experimental Method

5.2.1 General method

Iron pentacarbonyl was purchased from Sigma Aldrich. When purchased, it was in a liquid state
with a low boiling point and sensitivity to UV light. Therefore, it had to be kept refrigerated, and
far from any light source with UV components. The mixture was diluted in 2:1 v/v (spider silk
solution vs. Fe(CO)s), as well as 1:1 v/v ratio. Once the two solutions were mixed, the mixture
was then deposited onto silicon for forming thin films. These films were then exposed under an

Entela model UVG-54 handheld short wave UV lamp. This was performed for 2 to 3 hours.

5.2.2 Discussion on experimental methods

The iron pentacarbonyl solution had an orange colour, which was carried through into the final
mixtures. The two solutions appeared to mix well together, and no phase separation was
observed. Since the work was complefed under white light, it was important to try to minimize
the amount of light exposure to the solution. This was done by either wrapping the bottle in tin

foil or keeping the sample in a closed box.

It was found that after approximately 25 minutes (this time length shorter if the volume/amount
of the mixed solution being observed is smaller), the solution became a gel-like substance,
exhibiting sol-gel properties. In addition, as it changed state, the material changed colour from
orange to dark brown. Due to this colour change, the solution had to be freshly mixed and
deposited immediately after mixing was completed when creating the thin films or free standing

bridges.

Since the mixture of FeCOs and spider silk has not been studied before, minimum amount of UV
exposure time necessary to break the Fe-CO bond was unknown prior to this study. Therefore, a
FTIR was completed for samples at different exposure times to study the reduction in peaks for
the Fe-CO bond. The peaks for metal carbonyl, indicated in Infrared and Raman Spectra of
Inorganic and coordination compounds [79] were 2116, 2030 or 1989 (cm™). The FTIR results

are shown in Figure 36.
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Figure 36: FTIR for determining UV exposure time

The carbonyl had a strong peak in the initial sample. Once the sample was subjected to UV light,
the carbonyl immediately dropped in absorbance. After another 35 minutes, the carbonyl
intensity decreased slowly until the peaks blended into the background noise. The test was
performed on silicon substrate, and the noise was significantly higher than what might be found
using Potassium Bromide plates instead. Even though this spectrum cannot be used for detailed
FTIR analysis, it does provide a quick approximation of the necessary UV exposure time. The
significant drop that occurred within the first 5 minutes is largely contributed by sublimation of

FeCOs, showing the high volatility of the solution.

It should also be noted that this sample was completed in yellow room with no UV rays, which is
not the normal lab condition where most fabrication would take place. Under normal lab
conditions, the material could be evaporating before it is deposited. This volatility reinforces the
necessity of depositing the film onto the substrate immediately after mixing, as it is difficult to

control sublimation in the lab conditions used in this study. Finally, since the noise level in this

particular FTIR measurement was high, thus is it inconclusive as to exactly how long the




exposure time is needed. Therefore extra time was being allowed for UV exposure during

experiments to ensure the maximum amount of Fe-CO bonds would be broken.
5.3 Fe spider silk thin film (1% w/w spider silk solution)

5.3.1 SEM image

SEM images were taken to examine the Fe spider silk film deposited on the silicon substrate.
The sample appeared to exist in two phases: film and porous/fibrous-like area. This is indicated
in Figure 37(a). The film area appears to be very thin because with 20KV exposure, we can see
fiber-like subsurface materials that are similar in nature to the exposed fibrous areas. Since this
opaqueness was never seen in pure spider silk films, we can suspect that the thickness of this

film 1s less than 1 or 2 ¢ m. Also visible are areas which appear to be a porous film, without the

web-like features found in Figure 37(a). A higher magnification of this area is shown in Figure
37(b).

Both the fibrous and porous material could be partially explained by the solvents used. Both
HFIP and Fe(CO)s are volatile solutions. They were mixed with a ratio of 1:1 v/v, resulting in
more than 99.5% of the solution containing volatile solvents. As the solvent quickly evaporated,

it mimicked the solvent extraction method used in creating porous materials [96].

However, the solvent volatility cannot be the only reason for formation of fibrous material. This is
clear because when using the 0.5% w/w ratio of pure spider silk solution (with 99.5% of HFIP as
the volatile solvent), a thin film was formed without any additional features. The same can be said
when dilution that is even lower, as demonstrated by the images found in chapter 3. Therefore, it

must be the particular use of Fe(CO)s that is responsible for the fibrous materials.

Figure 37(c) and (d) show a higher magnification, where spheres can be seen on the fiber-like
matertal. These particles are approximately 0.1 - 1 #m in diameter. They appear to be brighter
than the rest of the film. It is suspected that, since heavier elements tend to show up brighter in SEM
(as they generate more back-scattered electrons used to image), the brighter area in the figures

represents a higher concentration of Fe. This conclusion is bolstered by the fact that biomaterial on
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its own is difficult to examine under SEM, as it is not conductive, and therefore any material that is
dimmer in colour is expected to be less in Fe concentration. However, it is also necessary to keep in
mind that due to the spherical shape of the particles, more back scattered electrons will also be

produced for imaging. Therefore, this brightness could be a result of its shape, and not because of its

conductivity.

WD14 -1lmm 20:0kVix30k

Figure 37: SEM image of 1% w/w silk mixed with Fe(CO); with 1:1 v/v

The spheres in this image could not properly be studied without knowing what iron oxide particles
look like. Therefore, a simple method of creating iron oxide particles was performed using pure
Fe(CO)s. From the literature on the subject, it was known that using pure Fe(CO)s, nano particles
can be produced in the form of iron oxide with a 10-30 nm diameter [97]. However, this method

used in other studies is different than what was used here. Therefore, for comparative purposes in
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this study, the UV exposure method outlined for iron spider silk film was performed on the pure
Fe(CO)s solution. Using this method, the images in Figure 38 were obtained. The particles were

found to be between 0.1 - 1 & m in diameter, which is similar in size when compared to the spheres

formed on the iron spider silk film. The initial conclusion was that the spheres appearing in iron-

spider silk solution were iron oxide particles.

B edi Mo iladlie
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Figure 38: Iron Oxide particles formed after UV exposure of pure Fe(CO)s

However, in reviewing Figure 37 and Figure 38, it is clear that surface appearance of the iron
oxide spheres is much rougher than the ones created by the iron-spider silk solution. The shape
of the spheres is also different. The iron-spider silk spheres appear much rounder with distinct
spheres close to each other, whereas the particles shown in Figure 38 are closely packed with a

large variety of spheres.

When comparing the spheres, it must also be remembered that diffusion is a factor that
influences the final formation of iron oxide. In a pure Fe(CO)s sample, there is a higher
concentration of iron atoms readily available for binding with oxygen, and thus forming oxide
particles. In such a situation, it is easy for iron atoms to diffuse through the solution, and bind
with others to form larger and closely packed particles. On the other hand, in our study, iron
concentration within the iron spider silk solution was much lower. For iron to form iron oxide

and then particles, it had to first diffuse through the spider silk solution. It is unusual then, that
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the particles formed from iron spider silk solution would be similar in size to that of pure
Fe(CO)s. Accordingly, to demonstrate that the particles are different, we proceeded to examine

the concentration of iron within the respective samples using X-ray EDS.

5.3.2 X-ray EDS

Review of X-ray EDS
An X-ray Energy Diffraction Spectroscopy (EDS) was performed by a Quartz X-one system
integrated with a Hitachi S-300N Scanning Electron Microscope (SEM) [80]. The X-ray EDS is

capable of obtaining information such as element composition and concentration.

This X-ray system analyzes element composition and concentration as follows: As the electron
beam hits the sample, secondary back scattered electrons obtained from the SEM images are
emitted. As the electrons bounce out of its position, the atom becomes unstable. Electrons in the
outer shell then drop down into the inner shell in order to fill the recently created hole. Since
outer shell electrons have more energy, the atom releases energy in the form of X-ray as these
electrons drop into the inner shell. The energy and wavenumber of the X-ray indicate both its

parent element and the identity of the shell the electron dropped from.

When one looks at an EDS spectrum, certain elements have several different X-ray peaks. This
occurs because as the atomic number increases, so does the number of shells, and thus number of
peaks are available for this element. The elements are quantified using the areas under each peak,
and taking into account the accelerating beam voltage. A sensitivity factor is then produced and
is used in converting these areas into concentration in weight percentage [81-83]. These weight
percentages are obtained from the volume that is examined by the EDS. However, volume

varies depending on the film property and beam voltage.

Accordingly, a Monte Carlo simulation is used to more accurately estimate the volume. When
using the same bean voltage, heavier materials have a smaller penetration diameter in
comparison to that of a lighter material. For example, under 20kV, Aluminum and carbon have a
penetration depth of 5 micron and 10 micron respectively. Figure 39 illustrates the volume that is

typically covered by EDS for carbon. Under the same film properties, a lower beam voltage will
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cover a smaller volume. For example, Aluminum oxide can penetrate 2 microns with 20kV beam

voltage, whereas a SkV beam voltage will penetrate only 0.5 microns.

Eo[kV)=20; Specimen=carbon; Tilt{deg)=0; Traj.No.=2000

10 microns BS coefficient = 5.40%

Figure 39: Monte Carlo simulation of carbon under 20kV beam exposure, 10 £ m is found as the exposure
diameter

Results
Figure 40 represents the area used by the X-ray EDS. Three different locations were examined.

Table 7 shows the iron concentration found at locations A, B and C.

WD14 .1mm 20.0kV x12k 3um

Figure 40: Image of the area used by X-ray EDS




Table 7: Fe wt% found using X-ray EDS at three locations indicated in Figure 40
' A B C

FE (wt%) 2.07 1.52 3.55

The spectroscopy identified all the elements found within the sample spectrum. A list of the main

elemerits is found below in table .

Table 8: Concentration of main elements found within the X-ray EDS spectrum

Concentration Normalized
(wt%) Concentration (wt%)
Carbon 33.93 40.62
Oxygen 7.26 18.91
Nitrogen 2.64 28.33
Fluorine 0.57 6.44
Aluminum 0.16 NA
Silicon 52.91 NA
Iron 0.50 2.07
Palladium 1.87 NA
Gold 0.15 NA

Carbon, oxygen and nitrogen represent organic material, in this case the spider silk. The large
percentages of these organic elements found in the results shows that the particles are not mainly
made up of iron, but rather spider silk. The solvent used in the spider silk solution contains
fluorine, which explains its existence in the chart. Also, silicon appears predominantly in the
sample. As the film is deposited on silicon substrate, this must mean that the EDS beam
completely penetrated the material and reached into the silicon substrate. As for the remaining
elements found in the sample, the gold and palladium were coated onto the film to help improve
the imaging quality of biomaterial under SEM, and the aluminum comes from the sample holder.
Once the elements were defined, materials that were not relevant to the sample (such as

aluminum, silicon, gold and palladium) were deleted, and the wt% was normalized against the
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remaining elements. The normalization was performed by the EDX after indicating the elements

that were being eliminated.

The results show that low concentrations of Fe existed at all three locations. Originally, it was
suspected that the brighter particle (B) would contain more Fe than the dimmer areas, C and A.
The conflicting result could be explained by the fact that the material is very light and thus the
EDS beam may have penetrated a large portion of the volume of the sample, preventing us from
achieving accurate localized results. The actual coverage area of the EDX is difficult to predict
since the Monte Carlo simulation require extensive material properties. However, since it is a

lighter element than carbon, it is likely, that the coverage diameter is in the area of 10 gz m or

larger. Since it is possible that there are spheres on the under side of area A, or perhaps there is

iron within the fiber-like area, it is difficult to distinguish where the iron peaks are coming from.

The initial concentration of iron contained in the mixture was 13.9 wt% (see the calculations in
Appendix D). The final iron concentration is much more difficult to predict, since much of the
HFIP and iron pentacarbonyl would likely to be evaporated prior to measurement. However,
since the initial estimate is significantly higher than what was found in the material, we can

conclude that the main content of the sphere and the fibrous material is spider silk.

Two types of iron oxide occur naturally: Fe,O; or Fe;04. Both contain ferromagnetic properties

[98]. Relying on the molar mass of Fe and O, the concentration of Fe within these two oxides

would be expected to be between 35%- 72%. It is more likely that based on the orange colour of -~

the solution, which is normally seen on corroded iron (Fe,03), we can suspect that iron oxide had
formed in the film. This colour was found throughout the iron spider silk film. Iron oxide
particles produced by pure Fe(CO)s showed a 36.2 wt% concentration of iron. This is
significantly higher than what is found in iron spider silk material, and confirms that the spheres

created by iron spider silk solution mainly contained spider silk material.

The EDS results and a sample spectrum for particles formed from pure Fe(CO)s are shown in

table 9. The carbon content could be explained by carbonyl that was trapped in the film sample.
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Table 9: Iron Oxide X-ray EDS wt% concentration of main elements

Concentration (wt%)

Carbon 28.24

Oxygen 35.55

Iron 36.21
Counts |
Q
600 -
| Fe

200

0 1 2 3 BT keV

Figure 41: EDS spectrum of iron oxide formed from pure Fe(CO)s

5.3.3 TEM images

Transmission Electron Microscope (TEM) images were taken by a Hitachi H-800 Electron
Microscope. This was performed to specifically examine the spheres formed from the iron spider
silk solution. TEM operates similar to that of shining a light (in this case an electron beam) through
a material. The area that absorbs (blocks) light will show up darker and the area that is hollow will
allow the light to either fully or partially shine through. When negatives of a TEM image are
obtained, the colours are reversed: the light areas show substances that absorb more of the electron

beam, and the darker areas are the less dense areas.

For our study, the iron spider silk solution was first dropped onto a 2x2 mm copper sheet with grids
in the center. The sheet was coated with carbon in order to trap the samples as it dried. The sample
was exposed to UV for 3 hour. The TEM films were developed in a dark room and then scanned in

positively.
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Figure 42: TEM images of spheres (a) x6k (b) x3k (c) x15k (d) x20k (e) x3k magnification
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As Figure 42 demonstrates, the spherical particles vary in diameter, approximately between 150 to

650 nm. A select few are as large as 1.4 z m. The particles are not dispersed in any orderly fashion,

they do however appear to connect and form chains or clusters: Figure 42(a) and (b). Note that,
particularly in Figure 42(b), the spheres appear to blend in with each other forming fibrous
structures, with the more transparent materials between the spheres appearing to join them together.
It is possible, then, that the spheres not only exist on the surface, but also within the fiber-like
material. However, in areas that are more concentrated with spider silk material (see Figure 42(¢)),
spheres exist in fewer numbers and smaller sizes. These smaller particles could be a result of Fe
particles not being able to bind with oxygen more easily, making diffusion within a higher

concentrated spider silk region more difficult.

When exposed under TEM, the level of transparency of the film depends on the mass and the
density of the material. Using Figure 42(d) as an example, it is clear that the smaller spheres are
more transparent than the larger spheres. This occurs because the mass of the spheres are
dominating the transparency of the material. Figure 42(d) also shows that the spheres themselves
contain light material, such as spider silk. If the sphere consisted of mainly iron or iron oxide, all the
spheres will appear with the same level of transparency regardless of their size. With that said, the
spheres clearly absorb electron energy better than the rest of the film, which leads us to believe that
they have a higher concentration of iron and is a more densely packed than the film-like area of the
material.

Since a spot test using X-ray EDS covers a large volume of the material, a mapping using the same
instrument was pefformed under TEM imaging to see whether the spheres contained a higher
concentration of iron. The area of interest is shown on top left of Figure 43. The EDS scans the area
repeatedly, and every scan will identify any area that contains Fe by putting a yellow dot on the
map. This scattér map is shown on the top right of Figure 43. We can see two concentrated areas of
Fe in the middle left and bottom right of the map, which overlap with the area of the spheres. Since
the concentrated areas are not clearly outlined, we can say that the spheres contain a higher

concentration (although not a significant one) of Fe than the rest of the film.
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Figure 43: X-ray EDS mapping of a TEM image

5.3.4 Electron Diffraction

To further explore the form in which iron oxide exists within these spheres, an electron diffraction

using the TEM was performed.

Review on electron diffraction

Electron diffraction has been used to examine the structure of various materials. This technique
originated from the hypothesis that a moving electron should possess wave-like properties [82].
Earlier diffraction techniques used low energy electrons (30-600 eV) which can only penetrate a
few atom layers. Current electron diffractions are performed under high energy electrons (10-60kV)
[82], and can accordingly penetrate much thicker materials. Transmission electron diffractions

performed with in TEM are carried out with thin films that are less than 1 mm thick.

67




Electron diffraction works because of the scattering of electrons when matter is struck [84]. The
electron waves scatter off the matter similar to that of light scattering off of a diffraction grating.
The way the incoming beam is diffracted by the material can be observed to examine the

crystallography of the material.

Single crystal matter such as diamond will appear in clear spots on the resulting image.
Polycrystalline structures are made up of many single crystal grains, and therefore, will appear less
ordered on an image than a single crystal structure. Instead, such structures appear as a super
position of several different single crystal grains, with the final images generally appearing as rings
of spots that are closely grouped. Since such amorphous material is completely disordered, the

diffraction patterns appear as blurry rings [82, 85].

Results

In our study, the image generated (Figure 42) shows an amorphous structure within the spheres.
This indicates that the iron oxide within the spheres is randomly distributed. Such a finding is
consistent with the previous finding of a low concentration in iron, since higher concentration of

iron would be more likely to show a crystalline structures.

(4gp 9 5:5 39022305 (A 288 9 5!y 4RG32406

Figure 44: (a) Sphere used for electron diffraction (b) Electron diffraction showing amorphous structure
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5.35FTIR

So far, our testing has shown that the formation of the observed spheres is a direct result of mixing
iron pentacarbonyl with regenerated spider silk solution. The spheres contain a concentration of Fe
that is slightly higher than the rest of the material. Fibrous and porous material containing a low
concentration of iron also formed as a result of this mixed solution. In order to further explore the
reason behind this phenomenon, an FTIR was performed to study any binding that could have

occurred between the iron particles and the spider silk proteins.

, An FTIR was performed using the Bomen MB100 120 FTIR spectrophotometer with a 4 cm ™
resolution. The iron spider silk solution was deposited onto a potassium bromide plate. The
entire area was covered with solutions and then exposed to UV light. However, the film formed
by this solution is very porous and thus transmittance intensity would be significantly affected.
Therefore, the FTIR steps were repeated until the transmittance was around 50%. Another good
indication of a successful spectrum was the disappearance of the noise introduced by carbon
dioxide in the lab’s atmosphere, amounting to around 2000 (cm™). The final FTIR/ spectrum is
shown in Figure 45. The top spectrum represents the newest iron spider silk sample and the

bottom spectrum was previously obtained from a sample of pure regenerated spider silk.

Peaks below 1450 were not resolved and lacked distinctiveness, thus they are not addressed here.
The Amide I and Amide II peaks are shown at wavenumber 1657 and 1537. The vibration mode
in the spectral region between 1600-1700 cm™ predominantly originated from the C=O
stretching of Amide I group [86]. Based on the position within this spectral region, 1657 cm’
represents a 20% presence of « -helix in the sample’s secondary structure [86, 87]. 1537 falls
within the Amide II spectral region of 1500 — 1600 cm™. This region represents N-H bending
and C-N stretching of the backbone of Amide II [88]. Spectral 1537 also represent an « -helix
secondary structure [87]. These peaks existed in the original pure spider silk FTIR spectrum,
therefore their presence here also represents the secondary structure of spider silk in the iron
spider silk film. Peak 1242 in the pure spider silk sample has become resolved with the iron
spider silk sample. This could be explained by the fact that 1242 represents a random
conformation, and was not a high intensity peak in the pure spider silk sample. The resolved

peak in the iron spider silk sample therefore does not represent a finding of any new significance.
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Figure 45: FTIR of iron spider silk sample. Top spectrum is iron spider silk; bottom spectrum is the pure
regenerated spider silk.

The spectra peak found at 2014 cm™ represents the presence of Fe-CO vibration assigned for
Fe(CO)s. This high intensity peak shows_the existence of Fe(CO)s that was not successfully
photolysed. This reaction is illustrated in Figure 46. From a molecﬁlér point of view, the Fe-CO
bond will be broken by one photon at a time under UV irradiation. This type of photolysis has

been shown in previous works [89]. As the photon cleaves one bond, the CO is broken free from

what is now an unstable molecule of Fe(CO)4~ [90]. Two possible reactions of Fe(CO)4~ could
then follow One is that the CO will evaporate, leaving the unstable Fe(CO)s molecule to
naturally decompose where the Fe and the CO can completely separate. However, due to the
matrix of proteins, the CO might not be able to escape fast enough. Therefore, it is also possible
that due to close proximity of the CO to the Fe(CO)s, the Fe(CO)s will be reformed, as it is a
more stable state for the molecules. Therefore, due to these reactions, one can expect that a

specific level of Fe(CO)s will always exist within the iron spider silk film.
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CO

Figure 46: Photolysis of Fe(CQO)s under two possible reactions

Peak 1823 lies in the region which is normally associated with bridging CO groups. [89] It
suggests the presence of multiple CO bands in an unresolved envelope. The value of 1823 is
very close to that of 1828, which has previously been reported for another compound, triiron
dodecacarbonyl (Fe3;(CO);2) [89]. This peak could possibly show the existence of two types of
Fe bindings taking place.

First of all, if several Fe(CO)s~ molecules were formed within close proximity to each other, it is
possible that they will share CO ligands with their respective neighbours to form Fe;(CO);,. This
is shown in Figure 47(a). This could be an additional reason why a high concentration of carbon

is found within the particles produced by pure Fe(CO)s. [Reference to table 9]

a b

CO

Figure 47: Two reactions for the formation of Fe;(CQ),; (a) Fe-CO binding through neighboring molecules
(b) Fe-CO binding with neighboring amino acids
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Second, C=0 side groups are also found in the major spider silk amino acids such alanine and
glycine [99]. Their chemical composition is shown in Figure 48 [100].
CH;

OH OH

H,N H,N /\’—(

Alanine Glycine
o O

Figure 48: Structure of dominant amino acids found within spider silk

The existence of C=0 side groups could provide an explanation as to why some area observed
formation of iron spider silk spheres. As the spider silk dissolves in HFIP, the hydrogen bonds
between the amino acids break, thus allowing the spider silk to dissolve into a solution. It is
likely that Fe(CO)4~ can bind to the C=0 group within the amino acids, and form Fe;(CO);»

with other Fe(CO)s~ molecules, as well as with amino acids. This is illustrated in Figure 47(b).

To further support the hypothesis related to peak 2014 and 1823, iron spider silk sample was
tested using FTIR method. Here, spectrums were taken at different times after deposition of iron
spider silk solution. Again, potassium bromide plate was used as the substrate. The results are

shown in figure 49.

The peak of 2014 decreased in transmittance very quickly during the first 5 minutes of UV
exposure. This shows the breaking of Fe-CO bonds within the Fe(CO)s. Evaporation of Fe(CO)s
could also have contributed to this decrease. Once passed the initial 5 minutes, the reaction
appeared to have reached a plateau. This results confirms with the hypothesis (illustrated in

figure 46) that a certain level of Fe(CO)s will always remain in the sample.

In contrast, the peak of 1823 increased in transmittance during the first 5 minutes of UV
exposure. This increase supports the hypothesis (illustrated in figure 47) that formation of
Fe3(CO)y, is likely to have occurred. After 5 minutes, the reaction appeared to also have reached

a plateau. These three FTIR spectrum shows that the initial minutes of the UV exposure is a
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crucial state. Once that is passed, reaction significantly slows down. This is shown by the

overlapping of 5 minute spectrum with the 40 minute spectrum.

Finally, a small shift in wavenumber at the 1823 peak is shown between 1 minute and 5 minutes
spectrum. Since wavenumber shifts when the sample is in different states, such as liquid, solid or
gas, it is likely that the shift here is a result of the sample not being completely dried when the

spectrum was taken after 1 minute of UV exposure.
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5.3.6 SQUID data

Figure 49: FTIR spectrums of iron spider silk sample after different exposure time

The purpose of this study was to embed iron oxide into a spider silk matrix. It is expected that
this will result in a material that can be used under an external magnetic field. A SQUID was

thus used to characterize the magnetic hysteresis of the material.
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Samples with two different volume dilutions were used. The first sample uses a 1:1 v/v dilution
between the Fe(CO)s and the 1% w/w spider silk solution. The second uses a 2:1 v/v dilution.

Figures 50 and 51 illustrate the M vs H hysteresis plot for the respective samples.

The data from the SQUID shows that the magnetization of magnetic moments obtained from the
1:1 v/v sample is 10 times larger than that of the 2:1 v/v sample. This magnetization is, however,
10° times smaller than what is found in the Ni spider silk sample introduced in chapter 4. This is
not surprising, as the magnetic material (Ni) content in that sample was around 14%, where as

the Fe in this sample is only around 1.5 -3 %.
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Figure 50: Hysteresis curve for 1:1 v/v iron spider silk sample
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Figure 51: Hysteresis curve for 2:1 iron spider silk sample

5.4 Fe spider silk thin film (diluted spider silk solution — 0.25% w/w)

Our results allow us to come to several conclusions about spider silk. The concentration of Fe in
the iron spider silk material obtained by using the current method is low, resulting in low
magnetization of the material. It has previously been shown that the spheres have a higher
concentration of Fe then the rest of the film. In addition, in areas where there appears to be high

concentration of spider silk material, the formation of spheres is more inhibited.

Overall, this leads to the hypothesis that a lower concentration of spider silk solution should form
more densely packed particles with a higher concentration of Fe. This is premised on the idea
that when there is a higher concentration of spider silk in the film, the amino acids prefer to bind
with themselves to form spider silk film. However, with less concentrated spider silk solution,
the amino acids are more likely to bind with iron to form spheres, because smaller amounts of

spider silk amino acids are available to form films.
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5.4.1 Experimental method

Iron pentacarbonyl purchased from Sigma Aldrich was diluted in 1:1 v/v with 0.25%w/w spider
stlk solution (spider silk solution vs. FeCOs). Once the two solutions were mixed, the mixture
was deposited onto a silicon substrate to form a thin film. This film was then exposed under an
Entela model UVG-54 handheld short wave UV lamp for 2-3 hours. Within 10 minutes of
exposure to UV, the material began quickly producing cloudy smoke, demonstrating that a

significant amount of material had evaporated.

5.4.2 SEM images

Figure 52 shows the material that remains on the silicon substrate. At low magnification, Figure
52(a) shows the overall look of the film that had remained on the substrate. The material mimics
the look of a coffee stain, with the edges containing a higher concentration of material (and
hence more spider silk material to form films). The center appears scattered with circular or
cluster-like materials (Figure 52(b)). At higher magnification, Figure 52(c) shows these more
circular examples. The sample cluster in Figure 52(c) appears to have a higher concentration of
the brighter material on its outer rim. As pointed out on the figure, this particular samples shows

spherical materials on the outer rim.

Figure 52(d) shows the second group of material. These clusters appear darker, and are generally
several times larger than the circular materials described above. Spheres are much more apparent
in these clusters, appearing in various sizes and locations within the cluster (as opposed to just on
the outer rim). The rest of the cluster material appears to be spider silk film, similar to the area
shown in Figure 52(a). Looking more closely at the areas of the substrate between the circular or
the cluster like material, we can see many small particles. These are likely to be iron oxide
particles. They are formed by iron atoms, perhaps in vapour form, that bind with oxygen in the

air and deposit back on to the substrate.
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Figure 52: SEM of 0.25% spider silk solution mixed at 1:1 v/v with Fe(CO); (a) x45k overall look of the film,
edge with thin film is shown (b) islands formed on the substrate (c) circular shaped areas (d) cluster areas

5.4.3 X-ray EDS
X-ray EDS were performed on both of the clusters, as well as on the circular samples. The
concentration of the main elements is tabulated in table 10.

Table 10: X-ray EDS element concentration of cluster and circular samples

Cluster (wt%) Circular (wt%)
Carbon 44.75 49.28
Nitrogen 13.14 17.02
Oxygen 27.68 26.43
Fluorine 0.00 0.67
Iron 14.43 6.61

Note that the iron concentration in the cluster sample is twice the amount found in the circular

sample. This could correlate to the larger number of spheres in cluster material. However, in
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general, the amount iron concentration found in this iron-spider silk mixture is significantly
larger than ones found using 1% w/w spider silk solutions. When an X-ray EDS was performed
on the film arca (edge area in Figure 52(a)) alone, around 11% concentration of iron was also
found. This concentration is lower than what was found previously for pure iron oxide particles
(36%). Therefore, they are not pure iron oxide, but, instead, iron spider silk spheres. Overall, this
experiment confirms the previous hypothesis that iron was more likely to attach to spider silk
material when the spider silk concentration is lower. In addition, with a lower spider silk
concentration, iron is more likely to bind with oxygen and form larger and more densely packed

spheres with the spider silk proteins.

5.5 Fe spider silk thin film (higher concentration of spider silk solution 2%)

With the understanding of the iron spider silk mixture gained from this study, we now know that
with a reduction in concentration, spider silk is more likely to bind with iron or an iron
compound to form spheres and thin films. The final material achieved here contained
approximately 6-12% of iron. On the other hand, if the formation of film is required, the
concentration of the spider silk solution should be increased. Such an increase in concentration

may, however, reduce the iron concentration in the new material.

5.5.1 Experimental method

Iron pentacarbonyl were diluted in 1:1 v/v with 2% spider silk solution (spider silk solution vs.
FeCOs). The experimental steps for formation of the film are outline in 5.4.1. In this case, no

visible smoke was observed.

5.5.2 SEM images

SEM images are shown in figure 53. As the concentration of spider silk increased, a significant
increase in film formation was obtained. Figure 53(a) illustrates 4 of the film surface, where
near the center of the film (top of the image) empty voids can be found. Again, a higher

concentration is found along the edges of the film.
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Figure 53: SEM images of spider silk film material obtained from 2% w/w spider silk solution (a) Film edge
with solid film formation (b) x1.2k (c) x5k (d) x40k

When taking a closer look at the film, particles are found scattered on the surface. This can be
seen in Figure 53(b) and (c). Figure 53(d) shows an image with 40k magnification. It shows
small single particles ranging in diameter between of 30-100 nm. Many of these particles also
bound together to form larger clusters in the range of 200-600 nm in length. These particles are
similar to what was observed on the sample obtained from exposing Fe(CO)s under UV. Figure
52(d) shows some of these particles. It can be hypothesized that these particles are formed
through vapour deposition. In this case, because 2% w/w spider silk solution represented a much
higher concentration, it was more difficult to form a uniform mixture with Fe(CO)s . Therefore,
unmixed Fe(CO)s became available for forming pure iron oxide particles on top of the film
surface. These particles were also found on the bare substrate area, where no iron spider silk
solution was originally deposited (Figure 54). This further confirms that vapour deposition had

taken place.
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Figure 54: Particles found on bare silicon substrate outside of the film area (a) x9K (b) x35k magnification

To further examine the film, cross sectional images were taken to see whether any particles had

formed within the film. This is shown in figure 55.

Figure 55: Cross sectional view of iron spider silk
film (a) x900 iron spider silk film (b) 3.5k iron
spider silk film (c) 1%w/w pure spider silk film



5.5.3 X-ray EDS

Film

An X-ray EDS was first performed on the film (see Table 11). This was performed on two
different locations of the film. The iron concentration was found to be between 5.3 and 7.8 wt%
in both locations. This is a reasonable finding, as some areas might have slightly more particles

then others, and the volume in which the spectrum is obtained can also vary slightly.

Table 11: Two EDS tests performed on the surface of the iron spider silk film

Concentration Test 1| Concentration Test 2
(wt%) (wt%)

Carbon 37.09 4793

Nitrogen 17.44 12.97

Oxygen 26.78 23.36

Fluorine 13.37 7.97

Iron 5.33 7.76

On silicon substrate

The particles found on the silicon substrate were examined by EDS. Table 12 shows a very high
concentration of iron within the material. Table 9 had a concentration of Iron and oxygen in the
36% range and had a ratio of 1:1; in this case, iron and oxygen concentration is only around
26%. However, we can see that the amount of oxygen to iron concentration is again 1:1, this
could indicate that similar type of bonding has occurred here. The existence of nitrogen possibly
indicates that a small amount of spider silk is contained within the particle. While the particles
also exhibit a high concentration of iron, due to finding a reasonable amount of Nitrogen, we
must conclude that some or maybe all of the iron has bonded with small amount of spider silk
protein. The amount of protein in this sample is significantly smaller than previous. We must
also consider the fact that nitrogen and carbon are found in many organic materials, in which the

substrate could have been previously contaminated by as well.

Table 12: EDS spectrum main elements found using particles formed on the silicon
substrate

Concentration (wt%)
Carbon 36.80
Nitrogen 10.99
Oxygen 25.99
Iron 26.22
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Cross section

Using cross sectional view of the film, EDS can be performed perpendicular to the film, thus
give data at different depts. The iron concentration within the film was higher in the upper layer
of the film than the lower layers. This is not surprising, as the particles on the surface contribute
to the concentration increase. Table 13 tabulates the wt% of main elements found in the EDS

spectrum.

Table 13: EDS spectrum main elements found in the upper and lower layer of the iron
spider silk film

Upper layer Lower layer test 1 | Lower layer test2
(wt%) (wt%) (wt%)

Carbon 40.52 52.35 47.43

Nitrogen 17.33 26.97 31.54

Oxygen 18.89 16.21 16.55

Fluorine 18.36 2.40 3.14

Iron 4.90 2.08 1.33

The Fluorine concentration on the upper layer is higher than on the lower layer. Since the amino
acids of spider silk do not contain fluorine, it is likely the result of some remaining unevaporated
HFIP. As the HFIP escapes from the lower layer of the film, voids are formed within the
material. Since the HFIP must eventually escape through outer layer, more fluorine is likely to be
trapped here. This is exacerbated since, from the cross sectional images, we can see that the
upper layer is less porous then the inner layers; not surprising since the surface tension of the
spider silk droplet can cause the outer layer of the ﬁlm to be slightly more concentrated then the
inner layers. The thicker outer layer is more difﬁcﬁlt to diffusé through, thus it creates a bottle
neck for the evaporation of HFIP. This provides the opportunity for the fluorine to be trapped

within the outer layer.

5.6 Summary

This chapter has demonstrated a new property of spider silk when mixed with Iron
Pentacarbonyl. A simple, ambient conditioned lab fabrication process is outlined to produce iron

spider silk material in different forms and iron concentrations.
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The higher the concentration of spider silk, the more likely a film will form when the mixture is
deposited on a silicon substrate. However, with a higher concentration in spider silk, the film’s
iron content decreases due to the spider silk amino acids being closer to each other in solution
and thus preferring to bind with each other rather than iron. Even though the film contained
small amounts of iron, particles with high iron concentration are found on the film surface, as
well as on the bare substrate. It is suspected that the vapour condition in this case was able to

form particles on top of the entire sample.

When the concentration of spider silk solution was reduced to 1% w/w, two phases were formed
on the material. The film form was very thin, and was generally found closer to the outer edges
of the film. A fibrous area was also formed where nano size iron spider silk particles with

slightly higher iron concentrations could be found.

As the concentration of spider silk was reduced to 0.25% w/w, the final iron spider silk material
showed islands of material in either circular, or cluster-like manner. The SEM images showed
sub-surface material exhibiting spherical contours. The concentration of iron found within these
islands was significantly higher than what was found in the other two iron spider silk solutions.
This reconfirms the hypothesis that iron is more likely to bind with spider silk under slightly
more diluted conditions. However, with visible smoke seen during the experiment, it is clear that

a large amount of the material also evaporated during this experiment.

We believe this use of spider silk protein in fabricating iron spider silk material has enabled the
process to be performed under less rigorous conditions. Most previous work has been performed
under low temperature in high vacuum or pressure chambers. This work has opened up new
applications for spider silk as a magnetic material and, at the same time, identified new
behaviours that are exhibited by this incredible material that can perhaps be utilized in

biomedical applications.

83




CHAPTER 6

Conclusion and Recommendation

The objective of this research was to study the manipulation of spider silk with MEMS
applications in mind. The new understanding of spider silk brought about by this study will
contribute significantly to not only the field of MEMS, but, it may also lead to new ideas for uses

of spider silk as a biomaterial in general.

In this work, spider silk was manipulated in three ways, leading to the discovery of several

properties of spider silk.

The first study was focused on spin coating a regenerated spider silk solution to form a film on
silicon substrate. Once this was successful, nano indentation was performed to obtain mechanical
properties such as elastic modulus, hardness and viscoelasticity. Such data is shown for the first

time in this study.

Next, a new microfabrication technique was developed to produce a microbridge structure out of
spider silk film. This microbridge was subsequently used in a fracture test to obtain a stress and
strain curve. These data offer the first mechanical characterization of regenerated spider silk in a
film form. The spider silk film was found to have fracture strength that is 2-10 times larger than
conventional biopolymers used in MEMS. Aside from the importance of learning these
mechanical properties, the new microfabrication technique offers a way to form simple
microstructures from regenerated spider silk solutions that can be used in various MEMS

applications, such as the creation of cantilever beams or membranes.

The purpose of the second set of experiments was to widen the applications of spider silk film.

To this end, N1 micron particles and regenerated spider silk solution were successfully combined

84




to form a microbridge and a cantilever beam. A fracture test was performed on the microbridge
to obtain its mechanical properties. As well, its ferromagnetic properties were mapped using a
SQUID machine. A bending test was also performed by placing a moving permanent magnet
next to the beam to measure the relationship between the external magnetic field and the beam
bending. This inexpensive microstructure showcases a proof-of-concept design where
magnetically actuated microsensors or drug delivery membranes could eventually be fabricated

from spider silk.

The third major work spun off the concept of magnetic spider silk beams fabricated from a spider
silk composite. In this case, instead of Ni particles, iron pentacarbonyl was used. A new
property of spider silk was found as spider silk proteins formed nano size spheres after mixing
with the iron pentacarbonyl. These spheres contained a low concentration of iron. It was found
that the iron concentration could be increased significantly if the concentration of the regenerated
spider silk solution was decreased. Conversely, if the concentration of regenerated spider silk
solution increased, a thick film formed with low concentration of iron, and the nano spheres
disappeared. This material property of spider silk bonding to iron is a new discovery that can put
spider silk onto a new list of biomedical applications. Some of the potential uses could be in iron

tagged imaging materials, or magnetically actuated microstructures.

In conclusion, this work has introduced spider silk as a new type of biomaterial in MEMS
applications. Fabrication techniques and material characterization are clearly shown in this
report. However, one must keep in mind that this is a preliminary study, and improvements in
many areas are still needed. For example, the fracture testing method could be improved by
using a testing tool that is similar to that of an Instrum machine. As well, difficulty was
experienced in this study in controlling the size of the microbridge, which introduced error in
final fracture stress calculations. Since some of the size control issues are related to water
causing shrinkage in the film, perhaps a new sacrificial layer can be found to avoid using water
as an etchant. Future work in this area could be focused on making smooth and controlled film,

and eventually casting, molding or etching the film to make a variety of microstructures.

Furthermore, the Ni spider silk should be tested to see whether a reduction in Ni dilution can

increase the elasticity of the material. Tests could also be performed on various dilutions of Ni to
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observe how bending properties and material properties change. Also, since Ni is one of several
ferromagnetic metals, other powder from different metals that are smaller in size should be used
to find an optimal mixture that retains spider silk’s mechanical properties while remaining

susceptible to external magnetic fields.

Finally, for iron spider silk film and spheres, further investigation of the origin of nano size
spheres is required. Relying on the preliminary FTIR data attained in this study, a hypothesis was
proposed in chapter 5. However, additional FTIR data must also be obtained to map the peaks
and intensity of iron spider silk film from the time immediately after mixing until the final dry
film state. The condition in which the experiments were conducted can also be altered. Many
previous works have obtained iron spheres coated with polymers in high pressure chambers.

Perhaps using a similar method, a new type of iron spider silk film can be developed.

Overall, this project has shed some light on understanding spider silk as a film. At the same time,
through out the process, many new properties and applications are introduced. This will open a

new field of study in incorporating spider silk with MEMS devices.
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APPENDIX A  SEM images

“amm 10.0kV x50

Figure 56: SEM images of beams that was not successfully fabricated. Top left: cross sectional view, estimate
for thickness of the film. The rest are images of 3 separate failed attempts.
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APPENDIX B Inkjet Setup

The following report is written by Ramin Saheb-Djawaher and revised by myself. Ramin was a
summer student who worked on the inkjet project. He was instrumental in setting up and

carrying out the experiments.

B1 Summary
This report presents and explains the inkjet setup.

The Inkjet setup involved:
e Usage of a Microfab inkjet nozzle with a 50 um orifice
¢ Installation of calipers onto the probe-station’s XY table
e Machining a adjustable moving holding component for holding the nozzle
e Making the drive electronics for the inkjet nozzle

e Determining experimental parameters to run the inkjet nozzle

The Wire bonding machine involved:
e Learning controls and operation procedures
e Determining experimental parameters for Copper, Gold and Titanium

e Usage of a raw circuit board as the base for attaching the chips and wire bonded them

B2 Inkjet Setup
Inkjet setup was made to deposit a thin layer of Spider Silk on top of a free hanging beam. The

beams was designed and fabricated through MUMPS process. Using our inkjet setup we
managed to make drop-wise deposition with an accuracy of 50pum. A summary of the
information we gathered on inkjet systems is given here. The focus will be issues that are not

covered in Microfab’s inkjet manual or their website.

B2.1 Background on Inkjet Nozzles

The following is a summary of the Microfab’s technical notes found in:

www.microfab.com/equipment/technotes.html
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Images of nozzles can be found on
www.microfab.com

Figure 57: Microfab’s Inkjet Nozzles

In Inkjet nozzles, a volumetric change in the fluid is induced by the application of a voltage pulse
to a piezoelectric material that is coupled, directly or indirectly, to the fluid. This volumetric
change causes pressure/velocity transients to occur in the fluid and these are directed so as to
produce a drop that issues from an orifice. Since the voltage is applied only when a drop is
destred, these types of systems are referred to as drop-on-demand, or “demand mode.” (See

Figure 57)

We used the nozzle in Drop-on-Demand (DOD) mode by applying an almost square wave pulse
to the nozzle’s input. The output is a drop of polymer S0um in diameter shot at a velocity about
2-3 m/s. This nozzle is compatible with fluids that has a viscosity of 0.5-40 cp (Newtonian) and a
surface tension of 20-70 dy/cm. The higher the viscosity and surface tension, the higher a voltage
one needs to apply to the nozzle. Too high a voltage would introduce “satellites” in the drop

formation. (See Figure 58 below)

Figure 58: Satellite Formation

Variation of density does not directly affect the performance of a fluid in a demand mode ink-jet

device, but it usually indicates a variation of acoustic speed and/or bulk modulus of the fluid,
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both of which affect the optimum waveform timing and amplitude requirements. In practice,

density, acoustic speed, and bulk modulus effects are minor.

Surface tension has a small effect on the drive voltage requirements for a device. As surface
tension increases, the drive voltage required to achieve a constant drop velocity will increase.
Very low surface tension can result in an increased likelihood of air ingestion, particularly at

high drop velocities.

Things to note

When setting up the nozzle, the glass tip must be handled with extreme care as it is very fragile.
The tip can be easily broken if the glass tip touches the bottom of the fluid reservoir during the
cleaning process (backwashing). After the nozzle is properly set up as mentioned in the next
section, one can make sure that the nozzle is functional by pushing some fluid through. When it
is not clogged, the fluid sprays out as a straight and very thin line of drops. There might be some
resistance while pressing on the syringe. This is completely normal; however, not too much
pressure should be applied as it could shoot out the nozzle fitting from the syringe. Too much
pressure might also damage the inkjet nozzle. If the drops exit the nozzle at an angle or if a lot of
pressure is needed to make the fluid go through the nozzle, one can suspect that the nozzle is

clogged.

It is extremely important to have a clean (filtered with Sum syringe filter) solution, otherwise the
particles inside the solution would cause the nozzle to “clog”. Volatile and sticky solutions are
also particularly hard to deposit since the solution forms a barrier at the tip of the nozzle. To
overcome  problems  with  clogging, read the cleaning procedure on

http://www.microfab.com/equipment/guide/mj_guide.html#cleaning. To overcome problems

with volatile/sticky solutions, either dip the nozzle’s glass tip in the same solution when idling or
wipe the glass tip with a clean sheet of paper. In case the nozzle is clogged badly, look at the
glass tip under a microscope. Most likely, one can see the jammed particles at the very tip. These
particles can be removed using a thin (less than 50um) gold wire (taken from the wire bonding
machine) which is then pushed inside the nozzle’s exit tip. The nozzle should then be

backwashed for a couple of minutes. The capillary glass inside the aluminum casing can be
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cleaned using a syringe cleaning wire. This wire can be directly pushed into the nozzle from the

fluid entrance.

For testing purposes, Isopropyl Alcohol (IPA) is suggested. IPA can safely be used to clean the
nozzle as well. If dye needs to be added to desired solution, be sure to filter the solution and

shake it before use.

B2.2 Holding Setup

The Inkjet nozzle is attached to an aluminum fitting that connects it to a syringe (the fluid
reservoir). The magnetic base holder holds the fitting in a vertical manner and is positioned on

the microscope’s work bench. This configuration can is illustrated in Figure 59.

Figure 59: Holding Setup

The fluid fitting can be connected to the magnetic base via a tweezers-shaped part. The tweezers-

shaped part can be opened or closed by manipulating the bolt in the center.
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B2.3 Electrical Setup

The electrical setup consists of a signal generator, amplifier, oscilloscope and power supply. The
desired wave form generated by the signal generator is amplified by a factor set by the power

supply voltage; the resultant amplified signal can then be observed on the oscilloscope.

To run the inkjet nozzle, a waveform depicted below must be supplied as described in the
nozzle’s user manual. See Figure 60 below. In our setup, we only used the positive (bold lines)
side of the signal since the negative portion has not significant effects (as suggested by

Microfab).

Voltage V2 -100 to 0 Volts
4 Tdwell
Vi1
Tdwell 3 - 800 ps
VO ......
5 Tecco 3 - 800 ps
) Tecco s L
V2 Becereerannaannn r Frequency 1Hz — 20 KHz
= — . -
i ] Time Figure 60 : Signal Waveform
Trise Tfall Tfrise

The Sensortech SA- 10 amplifier is too slow for gperation of this nozzle, so we had to design an

amplifier with higher bandwidth.

The datasheet of the nozzle indicates that the rise time should be 5 psec for a 50 Volts voltage
rise. So, a slew rate of 10 V/usec is required. According to Sensortech, the slew rate of the SA-
10 amp is 3.8 V/usec. The custom amplifier which utilizes a Fairchild TIP 122 Darlington
transistor has a much higher slew rate of 25 V/usec, which is more than sufficient. The
schematic of the custom amplifier is given below (Figure 60). As you can see, this is not the
usual way to connect a this type of transistor. This amplifier works well for high voltage and

high impedance loads (small capacitive loads like the inkjet nozzle) and is quite non-linear. It is
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designed to handle only square waves; however, it would amplify linearly if the input amplitude

is small. Remember that you need to input the inverted signal to the amplifier.

+ Signal . Red Wire

To Power Supply ’ Green Wire

(up to 100 V)
10 KQ l:l
3 To Inkjet
ool é ‘ Red Wire
Ly
—K A
VY WY Ground
R Black Wi
R2Zoiskm = . R

Figure 61: Custom Amplifier

The whole wiring of electrical setup is depicted below:

Oscilloscope

Signal
Generator

Figure 62: Wiring of the whole electrical setup
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Some performance graphs are depicted below:

Performance of SA10 Amplifier
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Figure 63: Performance graph of the amplifier

The input form has the following characteristics:

Input Signal

Voltage

A
680 mV e ——
Pulse is

outputted

-50V

Time

Figure 64: Input Signal Characteristics
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B2.4 Positioning with Calipers

Since our setup is just a prototype, the design of the positioning table based on inexpensive

commercial components. There is a pretty accurate positioning table installed on the probe

station, so all I needed was a means to measure the position. Two digital calipers were purchased

from EBay (cost: 60$ for both) and they were attached to the positioning table. The calipers are

accurate to 25.4 pm (10um resolution) in each direction. In order not to damage the Probe

Station, we super glued the calipers to the positioning table. When using the positioning table of

the probe station, be sure not to push the table out of the calipers limits since this would damage

the calipers. Remember to turn off the calipers after each use.

B2.5 Operation Sequence

Follow the give sequence below to run the inkjet nozzle:

1.

Go through the cleaning procedure to make sure that the nozzle is clean. Attach the inkjet
nozzle to the threaded side of the Aluminum fitting.

Make desired solution, which must be homogenous and filtered.

Using a syringe, take at least 0.2 mL of the solution. Connect the syringe to the
Aluminum fitting and then attach it to the magnetic stand. Position the magnetic stand on
the Probe Station so that it doesn’t interfere with the microscope’s instruments/controls.
While the inkjet nozzle disconnected from electrical power, push on the syringe to see if
a straight line of drops is shooting out of the nozzle’s tip. If you have a hard time seeing
the drops, hold a piece of clean paper under the nozzle; you should be able to see the
wetted areas. Wait until the pressure is reduced and the nozzle stops shooting out drops.
If you can not see drops, go through the cleaning procedures to make sure that the nozzle
1s not clogged.

Turn on the signal generator, power supply and oscilloscope. Make sure the wires are
connected properly as mentioned in the “Electrical Setup” section. Choose desired wave
form on the signal generator (can use saved settings) and check if the desired output is
seen on the scope.

Attach the output wires of the amplifier to the inkjet nozzle. You should hear the sound

of the nozzle vibrating. By holding a small piece of paper under the nozzle one can see if

it is depositing. If it is depositing, make necessary voltage and pulse width adjustment to




get the drops to hit on the same spot. If it is not depositing, change voltage and the pulse
width of the power supply; wipe the tip of the nozzle every time you change the settings.
Jumping to different frequencies also helps to get the nozzle to deposit.

7. Turn on the calipers and reset them.

8. Switch the signal generator to burst mode (20 drops at each trigger event) and put a
microscope slide (sample glass slide) on the positioning table. Hit the ‘trigger’ button of
the signal generator a few times. Try to find the center of the drops under the microscope.
Note down the calipers’ measurements. Now, every time you need to deposit at a specific
spot, just find it under the microscope and then move it back under the nozzle by the
measurements written down. Now, the nozzle would deposit on the desired spot.

9. After you are done with the nozzle, clean the nozzle as well as the Aluminum fitting.

B2.6 Experimental Parameters

Experiments with IPA revealed the following:

Freq 318 Hz
Pulse Width 33 psec
Voltage 63 Volts at power supply

Experiment with 0.5% w/w spider silk in HFIP revealed the following:

Freq 318 Hz
Pulse Width 53 usec
Voltage 77 Volts

Figure 64 shows some snapshots of sample inkjet drops on a microscope glass slide.




Figure 65: Snapshots of sample inkjet drops. Left: Snapshots of 800 drops of spider silk deposited over a
length of 200 um (10 drops at each 10 um for four times) Right: Eight single IPA drops distanced 50 um from
each other. From this snap shot we concluded that the drops are 50 um in diameter.

The original goal of the project is to deposit the spider silk on to cantilever beams shown in
Figure 66. However, spider silk clog very quickly as it is allowed to be in contact with air.
Therefore, large amount of raw spider silk is required to optimize the parameters involved in the
experiments. Therefore, this study was terminated. However, as shown in Figure 65, drop can be
successfully made from ink drop methods, it is a matter of optimization and abundance of
resource before it can be successfully performed. Figure 66 is a picture of the wired bonded

cantilever beams.

Figure 66: Wire Bonding Sample Picture




APPENDIX C

Magnetic Unit Conversions

Table 14: Magnetic conversion factors

Magnetic Term Symbol SI unit CGS Unit Conversion Factor
Magnetic induction B Tesla (T) Gauss (G) IT=10'G

Magnetic Field H Am’" Oersted (Oe) |1 Am' =47x10" Oe
Magnetization M Am’ Emu cm™ 1 Am' =10 emu cm™
Magnetic polarization |J T G 1 T=10"% 7 emucm™
Magnetic moment m Am’ Emu=Gecm® |1 Am’ =10’ ému
Magnetic moment per | & Am’kg’ Emu g’ 1 Amkg'=1emug’

unit mass

Information within this table is obtained from 4 hand book of physical constants. [94]
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APPENDIX D
Iron wt% Calculation for Iron Spider Silk

Solution

Given 100 ml of final mixed solution of 1:1 v/v dilution, 50 ml will be 1% w/w spider silk, and
the other 50% will be Fe(CO)s. Since spider silk mass is only 1%, we can approximate the 50 ml
of spider silk solution to be pure HFIP.

Total mass of 50 ml of HFIP = 50 cc x 1.596 g/lcc=79.8 g

Relative density of Fe(CO)s is 1.5.
Total mass for Fe(CO)s =1.5g/ccx50cc=75g

Molar mass of Fe(CO)s is 195.9 g/mol. Molar mass of Fe is 56.
Therefore iron wt% in Fe(CO)s = 56/195.9 = 28.59%

Iron content in the final solution = 28.59% x 75g=21.44 g
Finally, iron wt% in the final solution =21.44/(75+79.8 ) =13.9%
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