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extensive experimentation, the optimal concentrations of ruthenium and APS were used to
create stock solutions. Using a method developed in our lab, these stock solutions are used
to solubilize our proteins, creating a dope that has the cross-linking components within.
This step removes the overnight diffusivity commonly used in PICUP. This method has
also increased the efficiency of our cross-linking reaction, enabling the materials to be
cross-linked throughout the entire substance instead of creating a core-shell structure seen
with diffusivity.

The creation of the CLIP enabled our group to drive the cross-linking reaction to
maximum efficiency, instantaneously initiating the reaction resulting in novel materials.
The increased efficiency of our technique has also created a method for 3D printing with
our rSSp. This removes the need for molds and decreases the time needed for solidification
of hydrogels. Post-treating these cross-linked materials further enhances their mechanical
properties, creating a wide array of materials with varying physical and chemical
properties. Utilizing continuous electrospinning and PICUP, our group has created novel
rSSp materials with robust and tunable properties.

Future Work

Research will continue to devise a method for creating continuously electrospun
yarns from aqueous-based dopes. This is critical to upscale the process to produce viable
amounts of robust rSSp yarns that will surpass the mechanical properties of natural silk.
Using computational programs, the electric field will be studied with the goal of
understanding the physics of electrospinning. This will give us a better insight as to why
fibers do not always collect onto the target and why certain dopes do not electrospin.

Modifying the iMe electrospinner further will enable us to efficiently create and collect
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yarns for further post-treatment with the goal of upscaling the process.

The cross-linked rSSp materials studied in this research are just a few of the
possible permutations. Using different post-treatment baths can result in materials with
novel properties. 3D printing using the CLIP will also be explored, creating shapes that
could be used in the medical setting as replacements for cartilage, bone, etc. These new
cross-linked materials will be characterized using mechanical testing, structural analysis

(FT-IR, Raman, NMR), and biocompatibility studies, assessing the possible applications.
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The iMe electrospinner (Model: EC-DIG/P12043) was purchased by our group to
create electrospun materials composed of pure rSSp or composites with polymers. The
machine came with two targets, a stationary circular target and a rotating drum. The
stationary target is used to assess whether the solution is capable of forming fibers. When
the solutions have been deemed appropriate for electrospinning, they are used to
electrospin onto the rotating drum. The rotating drum creates mats composed of oriented
nanofibers, resulting in a porous mat. These mats can be used as is or can further be
processed into yarns. This is done by cutting 2 mm strips — oriented with fiber direction
— then rotating the yarn in either direction to create a twisted yarn. This process can result
in yarns with cuts and diameter inconsistencies, resulting in stress focal points that cause
the yarns to fail. For this reason, continuously produced electrospun yarns are of interest
to our group.

The modifications to our iMe electrospinner are derived from the design created at
Deakin University by Dr. Tong Lin. His design consists of two syringe pumps with
polymers loaded into syringes, as well as a grounded metal funnel that is used as the target.
When voltage is applied, the oppositely charged nanofibers collect onto the grounded metal
funnel. This, in turn, creates a highly twisted, continuous electrospun yarn.

Our modifications are based on this design, with alterations to enable us to use our
rSSp for electrospinning. A DC motor purchased from Dayton (model
number: 3LCH7) was used to rotate the metal funnel. The power supply
was purchased from Amazon.com (model number: S-360-12) to control

the motor attached to the funnel using an attached potentiometer. The

funnel was custom made by Lunazul Gallery on Etsy. The funnel has an Figure A1:
Metal funnel
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opening of 63 mm, a bell height of 30 mm and a stem height of 50 mm (Figure Al). The
stem has an opening of 12.5 mm that’s designed to slip onto a 12.5 mm oak dowel
purchased from Lowes. Wood was chosen as the connector from the motor to the funnel to
prevent any charge from shorting out the motor.

Preliminary trials used two syringe pumps that were loaded with our rSSp dopes
and had one electrode connected to each syringe tip. This was unsuccessful. Fibers did not
collect onto the rotating funnel or form within L _,‘.4&_____,’
the electrospinning chamber. To address this,
our group removed the ground from the
rotating funnel and attached the negative
electrode to the funnel. A stabilizing chamber

with a connector for the electrode was created

Figure A2: Stabilizing chamber with
electrode attachment

using % inch thick polycarbonate sheets
(Figure A2). When the voltage was applied,
fibers were seen to collect onto the mouth of the funnel, successfully creating electrospun
fibers from our solutions. To collect the continuous electrospun yarn produced, we created
a reeling system located outside of the electrospinning chamber. The reeling system
consists of an 18 cm long, 2.14 cm wide PVC tube purchased from Lowe’s. The yarn
retriever that slides into and out of the PVC tube is a 31 cm long, 6.5 mm thick oak dowel
that has a glass rod attached at the end. The glass rod is used to attract the yarn, while the
wooden dowel prevents the researcher from being shocked. Pulley systems were created
using polycarbonate to maintain the yarn’s tension and alignment. With the yarn pulled

through the PVC tube, it is attached to a rotating motor outside the system (Figure A3).



Figure A3: Reeling system for continuous electrospinning

93



APPENDIX B

INSULATING IME ELECTROSPINNER TO REDUCE STATIC INTERFERENCE

94



95

Several factors contribute to successful electrospinning. One of the main factors
that decreases the efficiency of electrospinning is static charge. To efficiently electrospin,
humidity has to be within a narrow range — 20-30% relative humidity. When this range is
not met, a static charge is present throughout the chamber. Any materials that can hold a
charge will attract electrospun fibers, reducing the efficiency of collecting them onto a
target. To address this, our group created an anti-static housing for our syringe pumps,
reducing the affinity for fibers to attach on the metal of the pump. This housing was covered
in an anti-static rubber spray purchased from Lowe’s (Performix, Plasti Dip). The housing
was then covered completely using electrical tape to further reduce any static charge

(Figure B1 and B2). This Plasti Dip was also used to coat the stabilizing chamber and the

outside of the funnel.

. — s @Y
Figure B1: Back- opening for Figure B2: Front end of housing with syringe
syringe pump tip exposed.

N
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Preliminary cross-linking experiments utilized a 1000 lumen Maglite. Using this
light source, materials had to be irradiated for 5 minutes to drive the reaction to
completion. To decrease irradiation time, and thus increase the reaction’s efficiency, we
used a 1600 lumen Duracell flashlight. Experiments using this light source required only
2.5 minutes of irradiation time. By increasing the light intensity, we were able to
successfully increase the efficiency of the reaction. However, hydrogels that were cross-
linked using these handheld light sources all had a common characteristic. When
compressed through mechanical testing, all cross-linked hydrogels would break apart in
two distinguishing parts: a core and shell. This led our group to believe our materials
were being cross-linked, but the reaction was not fully penetrating the substance. To
address this, our group set out to create a light source specifically designed to maximize

the efficiency of the cross-linking reaction.
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Most research groups that perform PICUP to modify proteins employ a 200 W
Xenon arc lamp, ranging in cost from $1,500 to $4,000. Due to the heat generated from the
light, they cannot be activated for prolonged periods of time. We set out to create our own
high-intensity light source for a fraction of the cost. To further increase the efficiency of
our experiments, we created the cross-link initiated photodiode (CLIP). The CLIP has been
designed for maximum efficiency of our cross-linking experiments. The CLIP housing is
composed of a box made up of % inch thick polycarbonate sheets with air vents cut into
them to ensure proper air flow. The CLIP originally consisted of a 200 w Bright White
LED (broad spectrum) purchased on Amazon. This LED is equivalent to 16,000 lumens.
The LED is attached to a Corsair Hydro Series Extreme Performance Liquid CPU Cooler
H100I, also purchased from Amazon, to reduce heat and prolong the life of the LED. The
supplies for the LED and cooling unit were purchased from eBay. Extra fans were mounted
to the cooling unit to further increase efficiency. A two-way switch was purchased from
Lowe’s and integrated into the LED and cooling system. This enabled us to power the LED
and cooling system separately. Chinese moso bamboo, which is approximately 8 inches in
diameter and Y2 inch in thickness, was used for the stage of the CLIP due to bamboo’s heat
resistance. Plastics used prior to the staging area would melt due to the extreme heat
produced. To further reduce heat, two 3-inch fans were mounted onto either side of the
staging area. Preliminary experiments using the CLIP instantaneously cross-linked our
materials, solidifying them into a gel upon being irradiated. This enabled our group to
essentially 3D print using the CLIP and cross-linking dopes. Research into the cross-

linking components revealed that ruthenium is activated at a specific wavelength, 460 nm.
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With this knowledge, the original 200 w bright white LED was exchanged for a 200 w Blue

LED with a wavelength of 465 nm (Figure D1).

Figure D1: CLIP with 465 nm LED. Red arrow indicates cooling system.

Using this updated CLIP, our materials have surpassed the mechanical load cell of
50 N. The efficiency of the CLIP has driven the cross-linking reaction into a cascading
effect. When attempting to 3D print, the syringe must be moved quickly — otherwise, the
cross-linking will travel up the syringe tip, solidifying the contents. When cross-linked
hydrogels are compressed, we no longer observe the core-shell structure seen with
handheld light sources. Instead, the cross-linked hydrogels compress into a disc with no

visible stress fractures on any side.
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