


LAMININ MICRODROPLET DEPOSITION ON CONDUCTING POLYMER FILMS FOR NEURAL
REGENERATION

A Thesis

Presented to

the Faculty of the Department of Biomedical Engineering

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Master of Science

in Biomedical Engineering

by

Kartik Sharma

May 2019



LAMININ MICRODROPLET DEPOSITION ON CONDUCTING POLYMER FILMS FOR NEURAL
REGENERATION

Kartik Sharma

Approved:

Chair of the Committee
Mohammad Reza Abidian, Associate Professor,
Biomedical Engineering Department

Committee Members:

Sheereen Majd, Assistant Professor,
Biomedical Engineering Department

Tianfu Wu, Assistant Professor,
Biomedical Engineering Department

Suresh K. Khator, Associate Metin Akay, Professor and Chair,
Dean, John S. Dunn Endowed Chair,
Cullen College of Engineering Department of Biomedical Engineering



ACKNOWLEDGEMENTS

| would like to thank my advisor, Dr. Mohammad Reza Abidian, for providing me
the opportunity to work in his laboratory and for morally supporting me throughout the
project. | would also like to thank my committee members, Dr. Sheereen Majd and Dr.
Tianfu Wu, for their valuable time in assessing the progress of my project and their
cooperation in this endeavor. | thank all the past and present lab members for their
guidance, assistance, and ideas for my thesis. | would also like to give a special thanks
to Mr. Omid Dadras with whom | was able to work on a related project which helped

me to sort out several problems in my project.

Finally, I must thank my friends and family. Without their love, patience,
motivation, and support, | would not have managed to come this far. The space allotted
for acknowledgement in this report limits my expression of gratitude for you all.
However, making the best use of opportunity and space | would again like to thank all

the above-mentioned people for everything they have done for me.



To my mother, Sanju Sharma, for her ongoing love, support, and patience.



LAMININ MICRODROPLET DEPOSITION ON CONDUCTING POLYMER FILMS FOR NEURAL
REGENERATION

An Abstract

Of a

Thesis

Presented to

the Faculty of the Department of Biomedical Engineering

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Master of Science

in Biomedical Engineering

by

Kartik Sharma

May 2019

Vi



ABSTRACT

Conducting polymers are valuable tools in tissue engineering as they can play an
important role in enhancing cellular response to guidance cues due to their electrical
conductivity. Extracellular matrix proteins like laminin can provide a strong guidance
cue to direct cellular regrowth. When combined, these two can prove to be unbeatable
alternative for tissue regeneration applications. However, the biggest challenge lies in
depositing these proteins on the surface of conducting polymer to get the best response
out of neurons for neural regeneration. In this study, various parameters have been
optimized to idealize the deposition of laminin on conducting polymer’s surface. From
this study, an optimized patterning technique can be established to deposit laminin on
PEDOT substrates such that minimum volume of laminin is used, the pattern has very
well-balanced distances between adjacent rows and columns, and there is least possible

void space between the droplets both in horizontal and vertical directions.
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CHAPTER 1. INTRODUCTION

1.1 Background

The nervous system is the controlling part of a living organism which is built up
of two components: the central nervous system and the peripheral nervous system. The
central nervous system further consists of the brain and spinal cord whereas, the
peripheral nervous system is made up of nerves and specialized cells in the rest of the
body. Communication between the two subparts is very important for the overall
functioning of a living organism. This transfer of information takes place with the help
of interconnections between specialized cells called neurons in both the systems.
Ganglia or a cluster of sensory cells record signals coming from the outside world,
convert them into nervous system understandable form and send them to different
parts of the brain. Various parts of the brain are responsible for dealing with different
situations and compare the input signals further feeding the peripheral system with an
appropriate set of guidelines to take actions. This exchange of information is facilitated

by a vast network of channels called axons.

Sometimes, the connections between these axons break due to a disease or
physical damage which may lead to permanent loss of function of a specific body part
or organ. Rebuilding these connections is as much necessary as their development
during the embryonic growth in the first place. Many researchers have worked in this

direction to come up with alternative approaches to fix hampered connections. The



science of axon regeneration focusses on manipulating projections tipped on axons
called neuronal growth cones. When observed in embryos, it was found that the
neurons extend their axons in the desired direction lead by growth cones. Growth cones
respond to extracellular guidance cues which either attract or repel them. These cues
have the capability to operate in both short and long distances (1). In response to these
guidance molecules, growth cones select the path along which axons must navigate. It
has been noted that these ECM biomolecules induce changes in the cytoskeleton
dynamics of the growth cones by modulating gene expressions. Consequently, given
such controlling ability, specific cues can control which axons respond to what cue and
at what time. Such nature of this highly sophisticated guiding process is necessary to
make sure that an axon which was attracted by a set of cues is repelled after crossing

that zone so that it doesn’t end up moving around the same locality.

When this cellular mechanism was first suggested (2), it was speculated that
chemotropic biomolecules and other growth factors secreted by target tissues excite
growth cones to navigate in the target direction. However, this theory was not
practically validated until Lumsden and Davies (3) conducted an in vitro trial. In the
experiment, they placed axon emitting tissue on one side and target tissue on the other.
The space between the two was covered with collagen droplet, which served as a
perfect medium for axon growth and stabilized the gradient on target tissue end. This
arrangement was followed by Marc Tessier-Lavigne and others (4). They found out two
molecules called netrins which in Sanskrit means guiding as the first chemotropic

factors. Other growth factors involved in axon guidance have also been found (5).



1.2 ECM proteins in neural regeneration

Netrin-1, netrin-2, UNC-6, and Laminin are the few important among many ECM
proteins to guide neural regeneration. However, one more interesting aspect surfaced
during these experiments as shown in figure 1. Figure 1 shows the difference between
the effects of homogenous distribution and gradient distribution of cues (left and right

columns respectively) on outgrowth patterns of axons (2).
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Figure 1. Axonal response to homogenous (left column) and gradient distribution (right
column) of growth cues



It was observed (1) as shown in figure2 that with the homogenous molecule
base, the axons grew equally in all directions and in the gradient of chemo-attractant
molecules, they grew and increased in number towards higher concentration. On the
contrary, in the presence of chemo-repulsive gradients, nerve growth took place

towards the lower concentration.

The curiosity to understand how growth cones turn towards or away from these
molecules lead to further investigations (6), which revealed their role in genetic
manipulation of growth cones (7). Figure 2 shows the structure of growth cones built

up of filopodium, a matrix of actin filaments and microtubule bundles.
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Figure 2. Model showing turning of growth cone towards gradient (green)

Filopodia can be interpreted as the leading elements which often extend
asymmetrically before the growth cone turns (8) and have been thought of playing a
crucial role in steering the growth cones (9) by generating mechanical force (10).
Microtubule filaments extend into the peripheral regions of growth cones and their role

in stabilizing filopodium is also important in growth cone turning in vivo (11). There are
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numerous ways by which a guidance cue can initiate and promote growth cone steering.
For example, prospective targets of signaling pathways are usually molecules like
Arp2/3 which can nucleate new actin fibers and Ena/VASP proteins which further
promote filopodial extensions etc. These proteins promote actin filament elongation by
localizing in the leading edge of lamellipodia. When the concentration of these proteins
decreases, it leads to shorter and more branched filaments which increase motility. On
the contrary, when their concentration increases in the leading edge, it leads to longer

and unbranched filaments which reduce motility.

Also, it is very interesting to note that growth cones switch their response to the
same guidance cue. This unique nature was first quantified when commissural axons
were seen to first get attracted towards the midline in the central nervous system and
after crossing the midline, they switched their response by moving away from the
midline and never turning back. Experiments showed that before crossing the midline,
commissural axons were attracted by netrin (3) but did not respond to midline repellant
called Slit. However, after crossing the midline, they become completely insensitive to
netrins and are repelled by Slit. Therefore, the question becomes what exactly
happened after crossing the midline? In flies, Robo receptors which are Slit receptors
are up-regulated after axon crossing the midline only. The Robo receptors are down-
regulated or not expressed when the axon has either not reached the midline or while
it is crossing the midline (12). This explains for the switching behavior of axons as shown

in figure 3 (1).
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Figure 3. Switching sensitivity of axons before and after crossing midline

After the realization of the role of ECM molecules in neuronal development,
several techniques using such natural phenomenon for artificial regeneration have
come into the picture. Laminin, a very popular ECM protein has been widely exploited
for attaining neurite growth under different conditions. Work (13) showed the role of
ECM as a support structure in association with Laminin gradients to better the 3D
neurite extension. In addition to researching the importance of 3D structure in
enhancing regeneration, actual 3D structures like conduits coated with Laminin have

also been developed to guide neuronal generation (14). These conduits not only



directed the dendrites in the desired direction but also channelized the flow of growth
factors in the region where neural regrowth was required. On one hand, the
concentration gradients of Laminin have been found to play a significant role in growth
cone pathfinding, on the other hand, its pH has also been researched to impact neurite
growth (15). Research showed that Laminin with acidic pH promoted neurite growth

two folds better than Laminin with neutral pH.

Microfluidics has also been one of the major fields focusing on tissue
engineering, especially neural engineering. Dertinger et al. used a microfluidic device to
form a laminin gradient with BSA (3). The device (Figure 4) consisted of microchannels
(3) which formed a uniform gradient with pure laminin on one side and pure BSA on the
other. They found the axon orientation of hippocampal neurons towards the higher

concentration of laminin.

A -
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Figure 4. Serpentine microfluidic channel to form laminin gradients

One more innovative way (16) of quantitively analyzing axonal response to

different slopes within one setup showed an increased axon guidance ratio with an



increased slope. Here, two asymmetrically designed peripheral channels (Figure 5) with
opposite flow directions could generate numerous Laminin gradients with multiple
slopes in the central channel (7). Therefore, it was relatively easy to compare the
response of neurites extended by neurons partitioned with the Laminin gradients by

just a porous membrane in the same setup towards different slopes.
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Figure 5. Microfluidic device that can generate multiple gradients by tuning flow rates of
Laminin and BSA in adjacent channels

Microprinting which translates to the patterning of biomolecules that are
believed to affect nerve growth also provides a handy tool to conduct neural regrowth
research. A lot of research has already taken place involving the printing of proteins on
the surface of biomaterials like conducting polymers etc. Micro-structuring techniques
(17) to print substrate bound proteins have given a better understanding of axonal

growth response to guidance cues. A study was conducted (18) to investigate the effect



of varying and constant concentrations of chemoattractive and chemorepulsive cues on
neurons. Evidently, for chemoattractant molecules, neurons sent their dendrite
towards higher concentration in the varying concentration arrangement while there
was no directional specificity in case of constant concentration arrangement. In the case
of chemorepulsive cues, there was no growth at all in both cases. Rita Fricke et al (19)
tested the effect of supplementing Laminin with poly-L-lysine (PLL) on surface
adherence of neurons, growth, and guidance of neurites. As a result, a combination of
PLL and Laminin proved to be effective over only PLL coating on the surface of
conducting polymers in all the 3 scenarios with best results for neural surface

adherence.

1.3 Conducting polymers in neural regeneration

Biomaterials such as CP have also revolutionized the interaction with biological
systems. The same nature of these biopolymers has been exploited by researchers to
perform a vast range of neuronal interfacing including recording and stimulating neural
activities, delivering drugs and biomolecules to target tissues for easing device-tissue
interactions and neural regeneration (20). The main benefit of using CPs (1) for neural
interfacing is that they may help in overcoming the problem of gliosis which is the
foreign body response of tissues due to strain mismatch with metal electrodes (Figure
6). In gliosis, astrocytes, and microglia develop a non-conducting sheath around

electrode which prevents further electrical communication.
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Figure 6. Schematics showing cellular response to neural-electrode insertion

Delocalized electrons along the polymer backbone and dopants which are also
called mobile charge careers result in electrical conductivity of the CPs. The electrical
conductivity of CPs is controlled by the level of doping. CPs can be synthesized by

electrochemical polymerization and doped by counter ions for charge neutrality.
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An important parameter that plays a significant role in recording electrodes is
impedance which is related to SNR. CP’s have been able to reduce impedance that
increases SNR (21), which is highly desirable. In the case of stimulation devices, the need
is to reduce the electrode size as much as possible in order to attain a densely packed
array. However, decreasing the size of the electrode decreases charge-injection thereby
reducing the stimulating capability of the metal electrode. As CP’s like PEDOT and PPy
have a high surface roughness, they have the capability to solve this problem by
increasing the charge injection even with smaller electrode size (22). CP based materials
are also gaining popularity for drug delivery applications (23). In addition to delivering
charge, CP based microcapsules can deliver therapeutic molecules like drugs and
growth factors etc. There are 3 ways for loading biomolecules in CPs: 1) as immobilized
molecules covalently bonded within the polymer matrix (24) 2) as a mobile dopant that
can be electrochemically delivered to target organs or tissues (25) 3) as an encapsulated
molecule that can be driven out of the polymer by biodegradation of the polymer or
some other techniques (26). Moreover, the incorporation of the molecule depends
upon the application and mode of delivery. Finally, there is one more application of CPs

in promoting neural regeneration (27) which is the main topic of this thesis.

1.4 Objective of the thesis

As stated earlier, ECM proteins like Laminin may single-handedly guide axonal
growth by inducing direction sensitive movements in growth cones. Also, the potential

of CPs in enhancing neural regeneration has been explained earlier. This thesis is

11



focused on fusing both the Laminin and CPs for neural regeneration applications.
Moreover, the objective of the work conducted here is limited to the optimization of

printing of Laminin droplets on the surface of CPs.

These were following objectives of the thesis: to obtain minimum void space
between droplets, to make the patterns as small as possible, to remove any overlaps
between droplets, to get minimum droplet volume for Laminin, to get a clear and
consistent intensity, and to get a completely dark background. The following were the
parameters needed to be optimized in order to attain desired objectives: Hamilton
syringe size and type, volume of each droplet, horizontal and vertical distance between
the droplets, the methods for preparing solutions, and the pattering strategy for

printing Laminin.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

Agarose was purchased from VWR Chemicals (Solon, Ohio). BSA (Fraction V,
heat shock treated, molecular weight: 66.4kDa, pH - 7+0.3), Laminin from Engelbreth-
Holm-Swarm murine sarcoma, Poly-L-lysine solution (Molecular weight range: 70 -
150kDa), and anti-Laminin antibody produced in rabbit — 0.5mg/ml all were purchased

from Sigma-Aldrich (Saint Louis, Missouri).

2.2 Printing Laminin on conducting polymer

2.2.1 Preparation of conducting polymer substrates

The preparation of CP substrates consisted of three-steps: EVAP, substrate
dicing, and electrodeposition. EVAP was done to create rectangle shaped gold-plated
silicon substrates as shown in figure 7(A). Gold was added to the surface of Silicon wafer
to increase its surface conductivity. During EVAP, a layer of Chromium was first added
to surface of the Silicon wafer to improve the attachment of gold on silicon. After the
EVAP treatment of gold-plated silicon disc, the substrates (Figure 7(A)) were diced out
of the gold-plated silicon disc using a diamond tipped cutter. The substrates were then
washed properly with DI water to remove any dust from the surface and then dried with

nitrogen gas under pressure to ensure no debris or impurities were left on the surface.
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After cleaning, the section between the part to be coated (part 2), and the part not to

be coated (part 1) with polymer was painted with nail polish.

For the final stage, a monomer solution of 42.72ul of 0.2M EDOT & 824mg of
0.02M PSS in 20 ml DI water was prepared. The solution was then filled in an electrolytic
cell as shown in the arrangement in figure 7(B). For electrodeposition, the substrate was
clamped with an alligator clip to WE-SE end as shown in figure 7(B). The other end
where a platinum coil was connected to CE-RE circuit provided counterions to balance
the charges in electrolyte. In this manner, the electrolytic cell was connected to the
Autolab (Figure 7(B)). After the part of the substrate that was to be coated (part 2) was
properly dipped in the solution, the cell was turned on, and initial voltage was checked
which should be in the range 0.3 — 0.5 V. Afterwards, the substrate was subjected to
constant GSTAT deposition using Nova software leading to deposition of PEDOT
polymer on the substrate surface. The golden color of the substrate surface soon turned
to dark blue (Figure 8), which is the color of PEDOT polymer chains showing successful
polymerization of EDOT monomers and their deposition on gold-plated substrates. The
substrates were then washed with DI water, dried, and kept in 60 ul PLL solution as
represented by brown colored covering over the substrate surface in figure 9. The
0.001% diluted PLL in DI water acted as an attachment agent and was added to increase
Laminin retention on polymer surface. Each substrate was soaked with PLL for 10
minutes followed by gentle washing with DI water. The washed substrates were then

either kept in an oven at 50°C for 60 minutes or left at room temperature for overnight.
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Figure 7. Schematic representation of (A) gold coated substrate, and (B)
electrodeposition process

PEDOT COATED
PART

Figure 8. Schematic representation of PEDOT coated substrate

2.2.2 Preparation of Agarose hydrogel

Agarose powder was first dissolved at 2% w/v in DI Water in an Erlenmeyer flask.
The solution was then heated in a microwave oven until a homogenous solution was
obtained, i.e., no powder particles were visible in the solution anymore. The
homogenous Agarose solution was then poured into a glass molds with a glass cover to
cover the top surface to make sure that the surface of the hydrogel was smooth. The

mold was then kept in refrigerator at 4°C for 60 minutes. The mold was then brought

15



out at room temperature, glass cover was removed, and the mold was kept at room

temperature for 20 minutes to get rid of surface water which gets evaporated.

Figure 9. PEDOT coated substrate soaked in 60ul PLL (brown)

2.2.3 Laminin printing and transferring to conducting polymer

After assuring the dryness of hydrogel surface, it was placed on the XYZ stage
connected to the controller as shown in figure 10. A Hamilton syringe was clamped on
the syringe holder connected to a syringe pump. A droplet was collected at the syringe
tip and after making sure that a sufficiently sized droplet was generated, the droplet
was deposited on the surface of the hydrogel. In the same manner the whole pattern
was printed on the hydrogel. After the completion of printing, the CP was placed over

the hydrogel for 7 minutes, and in this manner, the pattern was transferred to the CP.

cacac|
b T 2333 Draplet Distance (L1)
Hamilton Syringe 21 y i i i

ine Distance (L2)

Figure 10. Schematic arrangement of XYZ stage for printing Laminin on hydrogel
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2.3 Immunohistochemistry

After the pattern was transferred to the CP, the CP was subjected to a three-
step immunohistochemistry process which consisted of treatment with BSA followed
by treatment with primary and secondary antibodies, respectively. All the 3 solutions
were prepared in the PBS. The CP with the Laminin pattern on it was soaked in 60 pl de-
frozen BSA solution (Figure 11 (A)) for 30 minutes and then washed gently with DI water
and dried with a tissue napkin. PAB solution was prepared by diluting PAB from the
source with PBS in 1:30 volume ratio. The BSA treated substrate was then kept in the
60 pl freshly prepared PAB solution (Figure 11(B)) for either 60 minutes at room
temperature, or for overnight in refrigerator at 4°C, then washed with DI water and
dried with a tissue napkin. SAB solution was prepared by diluting SAB from the source
with PBS in 1:100 volume ratio. The PBS treated substrate was then soaked in freshly
prepared SAB solution (Figure 11(C)) for 180 minutes in dark to avoid saturation of light

sensitive SAB.

M

Figure 11. Schematic representation of soaking Laminin coated substrate in 60l (A)
BSA (blue), (B) PAB (violet), and (C) SAB (green)
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CHAPTER 3. RESULTS AND DISCUSSIONS

Two types of Hamilton syringes were used for the experiments as listed in Table

1. At first, the syringe with gauge #30 was used with a droplet volume of 17.5nl (Table

2).

Table 1. Comparison of the two Hamilton syringes used for experiments

Gauge Outer Inner Minimum Droplet
# Diameter Diameter Droplet Volume Diameter (um)

(mm) (mm) (nl/s)
30 0.312 0.159 10 800
34 0.159 0.051 5and 3 350
and 500

Apparently, the block of Laminin as shown in figure 12 had a large droplet
diameter, and an overlap between droplets. In order to resolve these problems, the
syringe was checked for the minimum possible droplet volume that could be achieved
without the droplet getting evaporated due to a very small volume. It was found that
the minimum volume that could be obtained by the syringe was 10nl (Table 2). At 10nl
droplet volume, 800um horizontal distance, and 380um vertical distance, desired

results were obtained with a minimal overlap in the horizontal direction as shown in

18




figure 13. However, the intensity of Laminin droplets in all the lines (figure 13) were not
consistent. Moreover, there appeared to be 2-circles instead of 1-circle in every Laminin
droplet, the background was also not sufficiently dark, and there was still overlap in the

vertical direction.

Table 2. Parameters for Hamilton syringe with gauge #30

Parameter Initial values Optimized values
Droplet volume (nl/s) 17.5 10
Droplet Diameter (um) 950 800
Horizontal distance 600 830
(um)
Vertical distance (um) 600 380

Figure 12. Laminin block (80ug/ml) with droplet volume of 17.5nl/s
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Figure 13. Laminin Block (80ug/ml) with droplet volume of 10nl/s

In order to resolve intensity related issues, we started taking Laminin from
original stock as opposed to aliquots as done previously. In addition to this, we started
using a new syringe with gauge #34 (Table 3) with a narrower needle. The minimum
volume of the Laminin droplet that could be achieved with this syringe was 5nl.
Experiments were conducted to check the droplet diameter on CP so that the horizontal
and vertical distances between droplets could be finalized. Figure 14 shows the results
of these experiments. Various sets of horizontal and vertical distances were used.
Finally, 2-sets were chosen for comparison (Figure 15), the second set with horizontal
and vertical distances of 440um and 350um, respectively, and the last set with
horizontal and vertical distances of 440um and 200um, respectively. The main reason
behind selecting these two sets for comparison was that the second set had droplets
with no overlap, whereas, the last set had droplet overlaps but consumed less space
which could improve the pattern resolution by a good amount. Lastly, the second set of
patterns was chosen as a standard to decide the horizontal and vertical distances
between droplets as this pattern gave us the actual droplet diameter and had no

overlap which means there was only one concentration throughout the patterning.
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Overlaps mostly consist of multiple concentrations as is in the case of third, fourth, and
fifth sets. The average droplet diameter for droplets in the second set was around
330um. Based on the conclusions from this experiment, the droplet volume was fixed
at 350um, which approximately would have given patterns with no overlap and possibly

minimum to no gaps between droplets in both horizontal and vertical directions.

(A) (B)

Figure 15. Block of laminin (100ug/ml) showing (A) non-overlapping droplets, and (B)
overlapping droplets

The shortlisted parameters were then tested to give results as shown in figure
16. The obtained average droplet diameter for these parameters was 380um, standard
deviation for the droplet diameter was 39.20um, average absolute intensity of the
droplets was 4065.77AU, and standard deviation for the droplet intensity was 531.64
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AU. After doing further statistical analysis, it was found that there were 7 outlier
droplets in terms of droplet diameter. After removing these droplets from the
calculations, the average droplet diameter dropped to 369.47um with a standard
deviation of 3.39, and the intensity also fell to 4020.56AU with a standard deviation of
463.46AU. The final overall calculations for this pattern showed promising results,
however, this pattern was non-uniform in terms of droplet diameter due to the
presence of numerous outliers. Also, the Laminin intensity values were very low than
expected, and it seems like the Laminin wasn’t properly distributed in most of the

droplets.
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Corrected diameterwise droplet distribution
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Figure 16. Laminin block (100ug/ml) with (A) a pattern, (B) diameter distribution, (C)
corrected diameter distribution, and (D) intensity distribution for an Edge to
Edge patterning

Therefore, this experiment needed to be repeated as shown in figure 17. This
time 30 droplets were deposited in 2 arrays of 3x5 droplets per array in order to get a
better and detailed data. The pattern was very consistent both in terms of the droplet
diameter and the droplet intensity and no outliers were found. The average droplet
diameter for 30 droplets was 342.27um, the standard deviation for the droplet
diameter was 11.06um, the average absolute droplet intensity was 6956AU, and the

standard deviation for the droplet intensity was 588.35AU. As there were no outliers
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here, and the intensity values were high, this turned out to be the best obtained pattern

for Edge to Edge patterning.
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Diameter comparison for Edge to Edge pattern
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Figure 17. Laminin block (100ug/ml) with (A) pattern, (B) diameter distribution, (C)
intensity distribution, (D) diameter comparison among patterns, and (E)
intensity comparison among patterns for an Edge to Edge patterning

The next challenge was to decrease the void or dead space between the droplets
to reduce the non-active space. This would be very helpful in avoiding any
discontinuities in the path of regenerating neurons. In order to achieve minimum dead
space, a new Shifted pattern technique was tried. As can be seen in figure 18, the basic
idea was to shift every alternate line in the pattern by a distance equal to half of the

standard droplet diameter i.e. 175um in vertical direction.
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(A) (B)

Figure 18. Pictorial representation of (A) Edge to Edge, and (B) Shifted patterning
techniques

An experiment was conducted to check the applicability of Shifted patterning,
and results were obtained as shown in figure 19. This pattern turned out to be a very
irregular one as it had 7 outlier droplets in terms of droplet diameters. After removing
outlier droplets from data, an average droplet diameter of 355.37 um, and an average
absolute intensity of 5959.26AU was obtained. However, this pattern needed to be
repeated as it had many irregularities in droplet deposition. Therefore, results were
obtained from the next experiment as shown in figure 20. In this experiment, a very
uniform pattern was obtained with an average droplet diameter of 347. 23um, and an
average absolute intensity of 6228.68AU, the intensity was good overall for this pattern.
Also, the droplet diameter was very consistent throughout as it had a small standard

deviation of 6.23um only.
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Figure 19. Laminin block (100ug/ml) with (A) a pattern, (B) diameter distribution, (C)
corrected diameter distribution, and (D) intensity distribution for the Shifted
patterning
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This was a very properly deposited Shifted pattern (figure 20) except that there
was no contact among the vertical lines in the horizontal direction. Consequently, there
was a lot of void space between the droplets. The reason behind this was that the
horizontal distance was still 350um, however, it needed to be less than that as now
there was no edge to edge contact, but instead the droplets needed to be closer in order

to have a contact.
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Figure 20. Laminin block (100pg/ml) with (A) a pattern, (B) diameter distribution, and (C)
intensity distribution for the Shifted patterning

After a series of experiments, some changes were made to the distances. The
vertical distance between the droplets was kept the same at 350um, and the horizontal
distance was optimized to 330um. The results were obtained as shown in figure 21.
Overall, the pattern seemed promising with a good presentation of Shifted patterning
with only one outlier in terms of droplet diameter. The average diameter for this pattern
after the removal of the outlier droplet was 364.72um with a very narrow standard
deviation of 3.81um showing the perfection of patterning. Also, the average absolute
intensity after removing the outlier droplet was 5804. An experiment showed that the
minimum droplet volume that could be obtained by the syringe with gauge #30 was 3nl
when a shorter needle was used. The reason behind this may have been a better flow
through the shorter needle. Moreover, experiments were conducted to see what
droplet diameter could be obtained with the 3nl Laminin droplet. Results showed that

the diameter of droplets that could be obtained by 3nl droplet was 500um.
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Figure 21. Laminin block (100ug/ml) with (A) a pattern, (B) diameter distribution, and (C)
intensity distribution for the Shifted patterning
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More experiments were conducted to see what horizontal and vertical distances
would be appropriate to make a Shifted pattern of Laminin deposition. Figure 22 shows
a result from an experiment presenting a perfectly deposited Shifted pattern. The
average droplet diameter for this pattern was 506.80um with a standard deviation of
4.48um which showed the uniformity of the deposition. The average absolute intensity
for the droplets was 6330 which again was pretty much in line with what had been

obtained.
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Intensitywise droplet distribution
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Figure 22. Laminin block (100ug/ml) with (A) a pattern, (B) diameter distribution, and (C)
intensity distribution, (D) diameter comparison, and (E) intensity comparison
for the Shifted patterning
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So far, this was the best obtained and optimized pattern in terms of droplet
diameter, droplet intensity, droplet volume, and void space. Figure 23 shows what
benefits this pattern had over the Edge to Edge pattern of same surface area. A square
and a parallelogram were made joining the centers of the circles in the two patterns,
respectively. It’s interesting to note that the void space in the Edge to Edge pattern was
21.5% of the area of the square, whereas, the void space was only 9.29% of the area of
the parallelogram in the Shifted pattern. To support the fact that Shifted pattern had
less void space between the droplets, measurements were taken, and it was found that
the horizontal distance between the droplets had reduced to around 350um against
500um as was in the case of Edge to Edge patterning. Finally, an attempt was made to
employ the parameters finalized for the Shifted pattern to make Laminin gradients as
shown in figure 24. The major difference between the previous patterns and this one
was that the syringe needed to be refilled and changed every time a different
concentration was to be deposited. However, the patterns had an average droplet
diameter of 505.83um and standard deviation of 5.06um which again showed that the

pattern was very well deposited.
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Inverted V gradient (40-100-40)
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Figure 24. (A) Inverted-V Laminin gradient (40-60-80-100-80-60-40ug/ml), (B) droplet
diameter range, and (C) graph representing intensities in Laminin gradient for
the Shifted patterning

The concentration of the profile was very low as compared to the previous
block-based attempts, but the inverted V type gradient was still very clearly visible as
shown in figure 24. In all the Laminin block patterns above, trendline was used to
indicate non-dependence of droplet or diameter on droplets. The lower values of R? in
all the results except in figure 17(D), and figure 22(D)-(E) showed there was no or
negligible change in the diameter and intensity of droplets throughout the pattern. In
figure 17(D), R? value of 0.99 showed that the intensity, and hence quality of deposited
Laminin increased with every experiment for Edge to Edge patterning. Similarly, R? value
of 0.52 in figure 22(D) showed a decent increase in quality of Laminin deposition with

every experiment for Shifted patterning.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK

In this study, Laminin, an ECM protein, was deposited on the surface of a CP in
two types of patterning arrangements, an Edge to Edge patterning, and a Shifted
patterning. In the Edge to Edge patterning, the droplets in the pattern had an edge to
edge contact with each other both in horizontal and vertical directions, whereas, in the
shifted patterning, alternate lines were shifted by a distance equal to half of the
diameter so that the void space can be minimized. Throughout the study, different
parameters were optimized to decrease the droplet volume for Laminin droplet, to
idealize the horizontal and vertical distances between droplets, to increase the intensity
of droplets, and to minimize the void space between droplets. The volume of each
droplet was decreased from 17.5nl to 10nl to 5nl, and finally to 3nl. The horizontal and
vertical distances between the droplets were both initially 830um. Both the horizontal
and vertical distances were brought down to 350um for the Edge to Edge patterning.
For the Shifted patterning, the horizontal and vertical distances were brought down to
500 and 450um, respectively. The absolute intensity of Laminin was increased from an
initial value of around 2000 to around 6000. Shifted patterning technique was sought
out as an alternative to the previously being used Edge to Edge patterning technique to
decrease the void space between droplets. It was concluded that the Shifted patterning
decreased the horizontal distance between lines by approximately 30%. At last, the
parameters that were finalized for block type patterning were employed to see their

applicability in depositing Laminin gradients on CPs. With the initial success, the future
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studies will be focused on exploiting whatever has been achieved to make longer
Laminin blocks and gradients. Also, the future projects include testing of these Laminin
coated CP substrates to see the response of actual neurons for neural regeneration

applications.
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