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Silicone rubbers have seen extensive work on modulation of their surface
environments for use in microfluidics, cell adhesion, and sensing. Most surface
procedures utilize a common initial step of oxidation of the surface to increase the
number of active surface functional groups. Following oxidation more permanent
functionalities can be imparted on the surface using silanization, grafting polymer
brushes, or creating ionic bonds to the surface. Of these three, silanization proves to be
the most pervasive due to the range of procedures available and how easy the procedures
prove to be. However, the mechanism by which silanization is performed heavily
involves reactivity with alcohol groups making the procedure unavailable to functional
groups containing alcohols and functional groups that share similar structural features.
Expanding the scope of functional groups available through silanization can be achieved
by attaching groups to the surface that can be easily replaced or transformed. Increasing
the scope of available surface functional groups was achieved by using the copper

catalyzed azide-alkyne click reaction.

Controlling the areas that reactivity occurs at, by using patterning techniques,

allow for the generation of distinct regimes of surface chemistry. This can allow for



wholly new surface functions such as the ordering of large arrays of liquid droplets,
directional control of the movement of droplets across the surface, and control over the
adhesive forces the surface experiences. Combining chemical patterning with physical
patterning, selective removal of contact areas, allowed for fine tuning of the adhesive
properties and produced a favorable delamination axis. The work outlined here is
applicable to a broad range of fields including, biomineralization, biomaterial

engineering, and adhesive design.
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PREFACE

Study of the functionalization of surfaces is necessary to impart control over of
how it might interact with other surfaces such as the nucleating crystals or adhering to
other surfaces. While the functionalization of silicone elastomers is a well-defined field,
the mechanism of binding organo-silanes to their surface provides a substantial obstacle
to overcome. The attachment of functional groups not available by standard

functionalization techniques proves the basis for much of my research.

Chapter 1 provides a comprehensive review of classical techniques for the
functionalization of silicone elastomers. This includes covalent bonding strategies like
oxidation, Self-Assembled Monolayers, grafting polymer brushes, ionic methods like
successive ionic layer adsorption and reaction, layer by layer deposition, and strategies
that cannot be considered covalent or ionic in their approach. These methods alone
provide homogeneous surfaces that lack complexity in their response, so patterning
techniques to create more complex surfaces, either by creating distinct regimes of surface
chemistry or the generation of gradient surface chemistries, are also discussed.

Applications of these techniques is also discussed to establish their current practical uses.

Chapter 2 is an overview of surface functionalization techniques for the expansion
of available surface functional groups and adhesive force experienced by silicone
elastomers. Increasing the scope of available functional groups is accomplished by using
the copper-catalyzed azide alkyne click reaction. The success of this reaction was
monitored using x-ray photoelectron spectroscopy to accurately measure the changes the
surface of the elastomer experiences. Besides silicone elastomers, the commercial plastic

poly (ethylene terephthalate) was derivatized using classical functionalization methods.



In Chapter 3, applications of these techniques is explored through
biomineralization and adhesive force studies. Biomineralization rates can be controlled
by performing the click reaction in the presence of different functional groups.
Specifically, binding a carboxylic acid provides higher growth rates than native surfaces
while binding alcohols creates an environment where little to no growth occurs.
Introducing strain to samples prepared using the click reaction could provide a dynamic
surface for biomineralization and allow for in situ control of nucleation rates. Adhesion is
shown to be tunable by demonstrating a difference in peak delamination depending on
the orientation and shape of the patten. Further tuning of functionalization techniques or
use of more complex patterns could allow for a more dramatic peak force difference

depending on the direction of delamination.

Finally, Chapter 4 posits how functionalization and patterning techniques of
elastomeric substrates can be developed in the future. We look at preliminary findings
supporting surface functionalization for the covalent binding of hydrogel microdroplets to
the surface of elastomers. These droplets can be crosslinked and continue to swell and
deswell in a manner like those prepared in bulk. Separately, a hydrogel system utilizing
similar binding chemistries can also be deposited and crosslinked to the surface of
silicone elastomers. This hydrogel, poly (ethylene glycol) diacrylate, also features high
biocompatibility and will be used for the creation of a three-dimensional growth scaffold

for cells trapped in the polymer matrix.

Additional Comments

e Chapter 1 is an invited review in preparation by me for Journal of Materials
Chemistry C, in collaboration with A. Mazaltarim, J. Wagner, and S. A. Morin



Chapter 2 is divided into two projects: the first is a manuscript in preparation
outlining the use of the click reaction in collaboration with J. Tayler and S. A.
Morin, the second is a collaborative project with the Bartlet group from lowa
State University

Chapter 3 is divided into the same components as chapter 2 while focusing on
applications of the techniques outlined in the preceding chapter.

Chapter 4 begins with a publication in preparation in collaboration with M. Rose
and S. A. Morin

Chapter 4 also contains a collaborative project with R. Yang in engineering.
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CHAPTER 1: SURFACE CHEMICAL MODIFICATIONS OF SILICONE

ELASTOMERS TOWARDS CHEMICALLY ADAPTABLE MATERIALS

Materials used in applications such as biomedical implants!2, next-generation
smart adhesives®*, and soft robotics®®, require specific surface and bulk properties.
Elastomeric polymers (elastomers) are materials that have been used for these
applications due to their high yield points’®, adaptable surfaces®', and ease of
manufacturing. Elastomers encompasses a very wide range of polymeric structures
including poly(isoprenes)!!, poly(urethanes)!?, and silicone rubbers®3. Silicone rubbers in
particular feature a highly tunable chemical structure with a variety of monomers,
catalysts, and vulcanization techniques'®'4. This work is limited in scope to the room
temperature vulcanization 2 component (RTV2) rubber Sylgard 184, often referred to as
poly (dimethyl siloxane) or PDMS, due to its pervasiveness in the field and large body of

previous work*36,

This chapter aims to present a comprehensive review of chemical modifications
of the surface of silicone elastomers, particularly PDMS, including covalent, ionic, and
methods that do not fit in the previous categories. Utilization of different patterning
techniques, such as masking and gradients, will be discussed to demonstrate generation of
heterogeneous surfaces. Applications of these functionalization and patterning techniques
will be highlighted, particularly their use in biomaterials, heterogeneous catalysis, and

soft robotics.
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1.1 Surface Chemical Modification of Elastomeric Polymers

The most extensively studied method of surface chemical modifications is to
create covalent bonds to the surface of the elastomer. Since the initial surface state of
elastomers, such as PDMS, is often inert to chemical treatment an initial treatment can be
required to create functional bonds to the surface!’. Beginning with oxidation is the most
common means of initial functionalization because it is an easy and straightforward
procedure. The two most common methods of oxidation are the use of high energy

plasma and ultra-violet oxidation.

High energy plasma can be performed with several different gases, such as
oxygen'’, argon®®, or nitrogen®®, while the gas may vary most share the common trait of
increasing the hydrophilicity of PDMS?. A large benefit of this method is that it can be
performed incredibly quickly, often in less than 1 minute. When using oxygen plasma
specifically, the surface experiences a transformation to form silanol, SiOH, groups on
the surface which increases the surfaces’ ability to partake in hydrogen bonding. A side
effect of this treatment is the formation of a brittle silica layer on the surface?'. Which in
turn can lead to cracking?? on the surface as silica has a much lower yield point than
PDMS, this however can be alleviated by reactive ion etching® of the surface.
Suspending plasma oxidized PDMS in an ionic solution, a common solution is phosphate
buffer solution (PBS), will result in the gradual removal of the silica layer?*. This process
can be quickened using heat?*, however that may also lead to the surface returning to its

native state entirely reversing the oxidation procedure.

An alternative to plasma oxidation, ultraviolet light can also be used to oxidize the

surface of elastomers. The mechanism of ultraviolet oxidation (UVO) is not very well
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understood but is believed to be triggered by the formation of ozone by the UV source to
create reactive oxygen species that form silanol groups®>?. This results in a surface that
is compositionally similar to one treated with oxygen plasma. Derivatization by this
scheme is considerably more time consuming than plasma but does not result in
formation of the brittle silica layer. Neither of these oxidation procedures result in
permanent surface transformations?’. Often, the surface will slowly rearrange and
subsume the pendant silanol groups back into the bulk returning to its initial surface

chemical state.

Following oxidation with another surface functionalization technique is often
performed to create surfaces more permanently transformed than oxidation alone can
manage. A common post-oxidation functionalization technique is the use of self-
assembled monolayers (SAMs). SAMs were originally used by Whitesides?® for the
functionalization of gold. This functionalization utilized the affinity between gold and
sulfur to bind long chain alky! thiols?*3°, affecting the hydrophobicity of the surface. Due
to the long alkyl chains on the surface these alkane-thiols resulted in much more

permanent transformations to the surface, serving as long-lasting functional coatings.

SAMs eventually saw application on silicones with the use of organo-silanes®-%,
Structurally organo-silanes are a fully bonded silicon with three of those bonds
constituting either a halogen or an ether with the fourth group being the functional group
of interest. Bonding of the organo-silane to the surface is typically performed one of two
ways, either by liquid or vapor deposition*. Liquid deposition of silanes typically uses a
mixture of ethanol and water to suspend the silane while the sample is submerged into the

mixture for several minutes. Following the submersion, the sample is placed in an oven to
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facilitate the dehydration reaction and create the silyl ether bonds. VVapor deposition of
silanes involves use of a low-pressure vacuum to vaporize the silane and react with an
oxidized surface in the gaseous state®. This does not require the use of an oven to
facilitate the dehydration reaction but can be difficult as silanes typically have low
surface tensions even at low pressure. Irrespective the deposition method, organo-silanes

form stable silyl ethers with the surface of the oxidized silicone

Compared to just oxidation techniques, the main advantage that SAMs give is that
they allow the user to create more permanent surfaces that, depending on the silane, can
yield more exotic functionalities than oxidized or native surfaces alone®®. (3-amino
propyl) triethoxy silane (APTES) has been used in our group®’ to bind fluoresceine
isothiocyanate (FITC) to the surface of PDMS. APTES can also be used to create long-
lasting surfaces for the anchoring of cell adhesion promotion proteins®. The main issue
that SAM’s meet in current applications is through the bonding mechanism. Since the
primary attachment mechanism relies heavily on the dehydration reaction of silyl
alcohols® this makes it incredibly difficult to utilize silanes containing terminal alcohols

and similar functional groups.

Using pre-synthesized molecules for the functionalization or PDMS is not
exclusive to SAMs. Polymer brushes can also be used for surface functionalization®.
Functionalization using polymer brushes can be performed by two methods*!, either
grafting-to or grafting-from. Grafting to involves pre-synthesis of the polymer with a
reactive terminal group to attach to the surface*>*3. Pre-synthesis allows for direct control
of properties of the polymer such as poly dispersity index and average molecular weight.

Grafting-to also does not typically involve treatment of the surface before
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functionalization for reactivity with the surface. This is often accomplished by mixing in
monomers which diffuse to the surface or using a special catalyst to react with the
surface. Grafting from does not involve pre-synthesis of the polymer*, rather it involves
using monomers and performing in situ polymerization to not only bond to the surface
but also form the polymer chains. This technique does require pre-treatment of the

surface unlike grafting to but allows for greater grafting density.

Covalent bonding is not the only available pathway for surface functionalization.
There are examples that involve the use of ionic bonds instead to impart functionality.
Successive ionic layer adsorption and desorption (SILAR) coatings* or layer by layer®64’
deposition is one such ionic technique where sequential adsorption of alternating charged
species is used to create stack of functional coatings via a dip coating system. It is critical
that each step be followed by a washing step to create a surface that can support
sequential reactions. This allows for layers as thin as 1 nm and can be layered as many

times as is desired.

There are some derivatization techniques that do not fit in the blanket categories
of being either organic or ionic processes. These techniques are quite uncommon and do
not share features in common. This can include the use of a surface energy imbalance
technique®®, where during the initial mixing of PDMS another molecule is added into the
pre-polymer mixture. One example of this used perfluoroether allylamide as a filler
molecule due to its low solubility with PDMS at room temperature. Despite low
solubility, the terminal allyl groups allow for it to still be incorporated during
polymerization. The key to the surface functionalization comes from the natural

reptations experienced by the PDMS chains, where the surface energy interactions of the
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perfluoroether and air are more favorable than the natural interface between PDMS and
air. This more favorable energy interface encourages mobility of the perfluoro chains to

the surface effectively functionalizing the surface of PDMS.

Another technique not classified as organic, or inorganic is sputter coating.
Sputter coating is a physical vapor deposition (PVD) that is used to deposit either metals
or metal oxides onto a desired substrate®®. This is achieved by impacting the surface of
the metal being transferred with an energized gas, such as argon, causing fragmentation
of the metal. As traces of the metal are ejected from the surface, they can collide with the
surface being functionalized. Sputter coating the surface of PDMS can be performed with
different metals and metal oxides, such as gold®°. Sputter coating allows for easy control
of the deposited metal layer on the surface by controlling the time of the deposition

procedure.
1.2 Heterogeneous Modifications: From Patterns to Gradients

The previously outlined techniques on their own all constitute homogenous
methods of surface functionalization. Homogeneous surfaces often only elicit one
response and are lacking the level of sophistication for their intended applications.
Utilization of a surface patterning technique i.e., photolithography®!, masking®?,
gradients®, etc., allows for the creation of surfaces that experiences more complex
surface environments by varying the chemistry from one portion of the surface to the
next. Traditional photolithography®* is a patterning technique where computer assisted
designs (CAD) are used to selectively polymerize a layer of photoresist. Etching away the
unpolymerized photoresist results in posts of photoresist left on the scaffold®>%¢. These

can be used for reverse molding of PDMS to create topographical patterns or channels
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used in microfluidic devices®’. These topographically variable PDMS structures can be
used for applications outside microfluidics®®, serving as masters for the creation of mimic

masks or stamps for stamp patterning techniques.

Masking is one of the most basic patterns that can be accomplished on PDMS.
Creation of masks is performed by placing a master, often made by photolithographic
techniques, face down of an inert substrate, like a glass slide, and then depositing a
photopolymer, such as poly (methyl acrylate), around the outside of the master. Since the
master features topographical features this can create channels for capillary action to
carry the photopolymer through the entire pattern this technique is referred to as micro
molding in capillaries (MIMIC)®. Once the polymer has completely flowed into the
structure polymerization is performed. Removal of the master leaves behind the mimic
mask on the glass slide. This mask can be placed on the elastomer surface prior to one of
the previously mentioned chemical modifications, such as oxidation, to selectively limit
the reactions to portions of the surface not covered by the mask. Our group has done
work like this using a TEM grid to selectively oxidize the surface of PDMS (Figure 1.1
A-C) ¥ Further derivatization of the surface could only be performed on segments of the
surface that were available to the oxidation process (Figure 1.1 D). This resulted in
generation of a PDMS surface that contained patterned regions functionalized with FITC

leading to a surface that displayed a variable phosphorescent response (Figure 1.1 E-F).
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Figure 1.1 Schematic illustrating the masking and functionalization procedure. A) Application of the
mask to a PDMS film. B) Selective oxidation of the exposed portions of the film. C) Patterned, silanol
terminated portions of PDMS. D) functionalization of the surface with APTES and FITC yielding a
selective fluorescein decorated surface. E) Fluorescence micrograph of a functionalized film. F) Pixel
intensity histogram of the micrograph showed above. The green Gaussian curve measures intensity for
hexagonal regions functionalized with FITC and the black Gaussian curve represents the native

unfunctionalized PDMS. Scale bars represent 50 pm. Adapted with permission from reference 37.
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A different approach to binary surface patterning is using micro-contact printing
(uCP)®. In its simplest iteration uCP involves the use of a scaffold different from the
surface that final functionalization is wanted on. Most of the critical functionalization
steps take place on this separate substrate, referred to as a stamp®. Once the final
functionalization has been performed the stamp is brought into contact with another
surface and transfers the functionalization from the stamp to the new surface®?. Due to the
approaches taken with masking and pCP these techniques can yield inverse patterns of
one another making both attractive prospects for patterned functionalization of PDMS
surfaces. An advantage that uCP has over masking techniques is that since
functionalization is performed on another substrate entirely, the stamps used can also be

designed to be reusable®.

While useful binary patterns are incredibly simple, capable of an on/off approach
to functionality, and leave little room for nuance or further complexity in the pattern.
Gradients are more complex patterns where a wide range of surface concentrations can be
experienced in a comparatively small area which, in turn, can lead to more exotic
responses not found through binary patterning approaches. Gradients can be formed on
the surface of PDMS by several different methods. The most pervasive is a diffusion-
based approach®*, where a silane is dissolved in a liquid with a high surface tension, often
paraffin oil, and the mixture is then allowed to evaporate and slowly react across the
surface (Figure 1.2 A-C). The concentration gradient that results from this gradual
evaporation is imparted on the surface. The gradient intensity is easily tunable as well by
simply allowing the silanization to occur for longer. Other methods for the formation of

gradients include dip-coating®®, where the group of interest is dissolved in one layer while
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another liquid, immiscible with the initial layer, is deposited on top of it and the group
slowly diffuses into the recently added layer. This gradient of diffusion into the top layer
is reflected in the sample dipped into this top layer creating a chemical gradient on the

surface of the sample®®.
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Figure 1.2 llustration of diffusion based gradient generation A) oxidation of the surface of PDMS. B)
Diffusion chamber for functionalization. The purple portions represent films soaked with a silane/oil
mixture. C) Resultant surface with several gradients of identical intensity. Adapted with permission form

reference 64.
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1.3 Applications of Surface Chemical Modifications

Imparting new chemical functionality onto the surface of PDMS can create
surfaces that behave vastly different from their native, unfunctionalized, counterparts.
One example of this is the water surface contact angle. Native PDMS is a highly
hydrophobic surface, with a contact angle of approximately 112°%7. Performing one of the
oxidation procedures already mentioned renders the surface hydrophilic, with a contact
angle of approximately 7°. This large difference in the surface contact angle can be
combined with a patterning technique, such as masking, to adjust the wettability of
certain regions of the surface. The generation of these distinct regimes of hydrophilic or -
phobic PDMS can be used for near instantaneous generation of large arrays of ordered
liquid droplets (Figure 1.3 A-B). This was further confirmed by measuring the size
distribution of the droplets on the surface (Figure 1.3 C-D). The idea of controlling
wettability using chemistry and patterning can also be applied to gradient functionalized
surfaces. Since gradients do not feature a harsh change in the wettability of the surface,
this gentle change can instead be used for applications such as droplet motion.
Whitesides® was one of the first to demonstrate this using a gradient of SAMs to make
water run up an incline instead of flowing down it. Our group has also shown gradients
generated on the surface of PDMS capable of droplet motion. This motion could also be
controlled by varying the composition of the droplet with varying amounts of ethanol or

ethylene glycol (Figure 1.3 E-F).
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Figure 1.3 Patterning control of PDMS surface wettability. A) Optical micrograph of droplets nucleated
on a strained and patterned surface. B) The same surface as A) after release of mechanical strain. C-D)
histograms of droplet size distributions demonstrating a initial disorder state C) and assembly of the array
D). E) illustration of droplets traveling across a chemical gradient. F) slow motion images of droplets with
different compositions traveling across the surface of a chemical gradient. Adapted with permission from
references 37 (A-D) and 64 (E-F).
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Biomineralization is the process by which biological organisms can create
complex and intricate hierarchical structures®®. Despite the large amount of work done to
understand this process synthetic systems remain unable to appreciably replicate these
structures. One aspect that is well studied is the relationship between the nucleation rate
and the relative surface energy of the nucleation site®®’°, The biomineral calcium
carbonate, CaCOs, has attracted attention due to its ability nucleate and grow as several
ordered structures, such as amorphous calcium carbonate, vaterite, aragonite, and
calcite’t. Some early work by Aizenberg’? investigated how using simple chemical
modifications, like SAMs, could direct calcium carbonate growth and nucleation. Several
groups were used such as alcohols, carboxylic acids, phosphoric acids, sulphonic acids,
and guaternary ammonium cations to probe what effect the terminal functional group
might have on nucleation and growth. This work showed that groups such as the
carboxylic acid or the sulphonic acid encouraged highly ordered growth of calcite on the
surface and experienced nucleation orders of magnitude greater than surfaces left bare or
functionalized with groups such as alcohols or alkyl terminal groups. This work was
however limited to rigid surfaces featuring static chemical environments not often found

in natural systems.

Soft materials, like silicone elastomers, present an opportunity to induce dynamic
surface environments by utilizing their high yields points to subject the surface to
successive strain cycling. The addition of strain also creates a difficult problem to
overcome in the stark mechanical mismatch that the hard crystal and soft surface
interface experiences. Our group” has worked on monitoring the adhesion of both zinc

oxide (ZnO) and zinc hydroxysulfate (ZHS) by observing how ambient environment and
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crystal morphology effected adhesion to the surface of PDMS. ZnO was deposited on the
surface of patterned oxidized PDMS using a stamping procedure so that crystals were
deposited across the entire surface (Figure 1.4 A). As PDMS was successively strained
crystals remained adhered only on the native portions of PDMS. This closely mirrored
Aizenberg’s work where the growth of crystals was recorded higher on methylated
surface compared to alcohol terminated surfaces (Figure 1.4 B-C). While important work
for understanding how the changing surface environment of elastomeric materials effects
the adhesion of crystal system this work did not involve the growth of crystals directly on

the surface, instead choosing for pre-synthesis of crystals.

Going one step further and utilizing principles of dynamic surface attachment and
chemical functionalization directed crystal growth, crystal growth on elastomers can be
further modulated by creating surfaces featuring dynamic chemical environments. Using
a simple surface derivatization technique, such as oxidation, the surface of PDMS can
become incredibly high in relative surface energy creating an environment where calcium
carbonate, CaCOs, crystals do not grow (Figure 1.4 D). The native surface of PDMS,
however has a much lower relative surface energy creating an environment where CaCOs
growth is possible. Since oxidized PDMS is not a stable surface, it is possible to
reconfigure the surface back to the native state by an application of strain, €. This allows
for creation of surfaces that can experience different relative surface energies as a
function of the strain applied to the elastomer film (Figure 1.4 E-F). This was also
combined with topographical features to vary the strain fields experienced by the surface

and use topography to create regimes of varied surface energy
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Figure 1.4 Crystal adhesion and growth on oxidized and native PDMS A) Illustration of how ZnO
adherence to the surface of oxidized PDMS (black) and native PDMS (white). B) Left to right: PDMS
surface immediately after deposition of ZnO crystals, after stress cycling the PDMS sample 1,500 times,
and after stress cycling the PDMS sample 3,000 times. D) Graph plotting the relationship between
nucleation rate and strain for native (gray) and oxidized (red) PDMS. E-F) optical micrographs of CaCOs
grown on unstrained (E) and strained (F) surfaces of PDMS. Scale bars for B-C are 100 um and for E-F are
200 um. A-C) Adapted with permission from Rose, M.A.; Taylor, J.M.; Morin, S.A.; Adhesion of
Morphologically Distinct Crystals to and Selective Release from Elastomeric Surfaces. Chem.

Mater. 2016, 28 (23), 8513-8522. DOI: 10.1021/acs.chemmater.6b02575. Copyright 2021 American

Chemical Society. D-F) Adapted with permission from reference 74.
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Adhesion between two objects is a summation of several microscopic properties
such as intermolecular forces, intramolecular bonds, and the area of contact between the
two objects’. Decorating the surface of one or both objects involved in the adhesion with
different functional groups can affect the adhesive forces they experience. One of the first
examples of tuning the adhesion of PDMS is its use in microfluidic devices. Early
generation microfluidic devices used special glass etching procedures to create the
channels necessary for fluid transport. To reduce the time necessary to make microfluidic
devices PDMS became an attractive prospect due to its use in replica molding’.
Normally, PDMS experiences little adhesive force to the surface of glass, but if both
surfaces are oxidized then their bonding becomes far greater. This led to PDMS
becoming the standard for microfluidic devices due to ease of prototyping from replica
molding and the rapid irreversible binding it experiences with glass. Inspired by this idea,
our group has done work in creating all soft microfluidic devices by replacing the rigid
glass support structure with a malleable commodity plastic like poly (ethylene
terephthalate)’’, also known as PET. Functionalizing the surface of an oxidized
commaodity plastic with APTES resulted in only the amine terminated side binding to the
surface. This resulted in a surface that had a free organo-silane end which could then be
brought in contact with oxidized PDMS to create silyl ether bonds and establish
irreversible covalent links between the two materials. The area where APTES bonded to
plastic could also be patterned using reel-to-reel printing techniques. The areas patterned
with printer inks would selectively block portions of the surface to being oxidized also

preventing the binding of APTES. This was used to create all-soft microfluidic devices
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whose design could be changed by printing a new design on PET, eliminating the need to

lithographic techniques of 3-D printing new molds.
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CHAPTER 2: ORGANIC REACTIONS TO EXPAND THE SCOPE OF

ORGANO-SILANE FUNCTIONAL GROUPS
2.1 Click Chemistry on PDMS surfaces

Despite the pervasiveness of SAMs!? and organo-silanes®* towards
functionalization of the surface of silicone elastomers, the required formation of silyl
ethers precludes the use of several functional groups including alcohols and carboxylic
acids. Efforts to try and rectify this involve functionalization using silanes with reactive
functional groups. This allows functionalization to continue after formation of SAMs or
grafting of polymers to or from the surface. A straightforward utilization of this idea is to
use simple organic reactions to increase the scope of surface functional reactions
available on PDMS®®. To accomplish this the reactions used must be performable in
media compatible with PDMS, be performed at a relatively low temperature, and utilize
robust reagents that are stable under ambient conditions.

The click family of reactions has already seen some applications for fulfilling
these criteria. The term “click chemistry” is attributed primarily to K. Barry Sharpless’,
who coined the name in a paper discussing the need for more green chemical reactions. In
the same breath, he also describes several properties a reaction should possess to be
considered a click reaction. This includes an overall negative demand in free energy, use
of environmentally friendly solvents, wide reactive scope, high yield, easily isolated
products, and high stereospecificity. After this, two reactions specifically became
exemplars to represent click reactions as a whole: the thiol-ene reaction®® and 1,3-triazole

ring formation®®. Triazole ring formation can also be sub-divided into two distinct
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mechanistic pathways: the copper-catalyzed azide alkyne click reaction (CUAAC)* and
the copper-free azide alkyne click reaction (SPAAC)*,

The SPAAC reaction, while not requiring the use a metal catalyst, is the less
common of the two mechanistic pathways. This is because the number of useable alkynes
for this reaction are much more limited than the copper-catalyzed reaction. The SPAAC
reaction requires the use of cyclooctynes®3, due to their high internal steric strain. This
large strain is alleviated during the transition to the triazole ring and helps to provide
much of the negative energy demand for the reaction to proceed. The CUAAC reaction
involves complexation of the alkyne to a copper (1) catalyst'*. This complexation results
in the formation a reactive alkyne species that can further react with the azide group to
form the triazole ring. Due to the complexation step, the scope of this reaction is
essentially only limited to the number of available alkynes and azides. This large scope
was the driving factor behind choosing the CUAAC reaction.

PDMS, Sylgard 184, was prepared according to manufacturer instructions in a
10:1 (monomer: catalyst) ratio, stirred, and degassed under vacuum. After degassing, the
polymer mixture was poured onto a clean silica wafer and scraped to a uniform thickness
of 500 um using a Zehntner manual film applicator. The PDMS was then placed in a
60°C oven for 2 hours to completely cure the polymer. The PDMS was then cut into 1cm
x 3 cm strips which served as the scaffold for surface functionalization and subsequent
applications. Oxidation was conducted on the strips using a PlasmaEtch system set to
10% power for 10 seconds. This rendered the surface completely hydrophilic but did not

create a very thick silica layer.
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After oxidation was silanization, which was performed by placing the strips on a
hot plate at 150°C adjacent to 0.5 mL of 11-bromoundecyl trichlorosilane. The entire
system was covered using a glass dish and the silanization process was completed in 5
minutes. After silanization, a substitution reaction was required to replace the terminal
halide with an azide group. This was accomplished by submerging the silanized sample
in a mixture of 125 mg sodium azide (NaNs) in 20 mL of N,N-Dimethyl formamide
(DMF) for 1 hour. After submersion, the surface was rinsed with acetone and dried with

N2 gas to remove unreacted reagents from the surface.

After the substitution reaction the surface is primed for the click reaction. The
click reaction was performed by creating a mixture of 25 mg of copper (I1) sulfate, 59.5
mg of sodium (L)-ascorbate, and 0.17 pmol of whichever alkyne is being used in the
reaction in 18 MQ water. The creation of the copper-alkyne complex was easy to see
visually, with the addition of the alkyne immediately changing the color of mixture from
bright orange to a yellow or brown depending on the alkyne. The reaction was performed
over the course of 1 hr with gentle stirring, after which samples were removed from the
reaction vessel, rinsed with de-ionized water, and dried with N2 gas to remove excess

reagent from the surface (Figure 2.1 A).

2.1.1 Characterization

Characterization of the surface was performed using X-ray photoelectron
spectroscopy (XPS) and surface contact angle. XPS allows for probing of the surface
environment qualitatively and quantitatively by scanning for different elements and
relating the relative peak intensity to the surface concentration of the group. With the

penetration depth of XPS being approximately 1 nm it is incredibly useful for surface
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level elemental composition. Using contact angle alongside XPS allows for probing of
the relative surface energy and how it varies during different stages of the
functionalization process. Contact angle was performed using a Biolin Scientific Theta
OneAttension with 5 pL droplets deposited onto the surface. Contact angles were
reported as an average of three different positions for samples prepared homogeneously.
Combining these techniques shows how the reactions change the surface environment
from one step to another and eventually decorate the surface with desired functional

groups such as carboxylic acids.

2.1.2 Results & Discussion

Since the functionalization of the surface was not a one-step process, elements
can be added and removed from the surface following different steps. This proved useful
as the presence, or lack thereof, of certain elements was expected given the purpose each
step of the process is meant to accomplish. Bromine specifically, was included in the
initial silanization step with the express purpose of serving as a sacrificial group to allow
for binding of the azide to the surface, leading to a strong XPS signal initially and then
little to no signal after subsequent steps are performed (Figure 2.1 B). Nitrogen on the
other hand was not present for initial silanization step, reflected in no XPS signal at first,
but after the substitution step there is a small peak that becomes much larger following
the click reaction (Figure 2.1 C). Finally, phosphorous was not exposed to the surface
until the click chemistry step, so the lack of a strong phosphorous peak indicates the
success of the click chemistry reaction using even a sterically bulky triphenyl phosphine

group (Figure 2.1 D).
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Figure 2.1 XPS data demonstrating surface functionalization using click chemistry A) Illustration of
the functionalization of PDMS. B) XPS scans for the presence of bromine after silanization (red),
substitution (blue), and the click reaction (black). C) XPS scans for the presence of nitrogen after
silanization (red), substitution (blue), and the click reaction (black). D) XPS scans for the presence of

phosphorous after silanization (red), substitution (blue), and the click reaction (black).
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Despite the presence of phosphorous being undetected until the click reaction is
performed there is still the possibility of intermolecular forces contributing to non-
specific adsorption to the surface. To confirm the success of the click reaction the
original reaction scheme was tested against a chemically similar reaction set-up that is
known to not perform the reaction. For the click reaction to effectively proceed a specific
complexation between copper and the alkyne. This complexation requires the presence of
free copper (1) ions. Copper (1) salts, like CuCl, despite containing of the correct copper
species do not sufficiently dissociate in water and cannot serve as a source of catalytic
copper for the CUAAC reaction. Using this fact, non-specific adsorption and the success
of the click reaction was tested by performing the CUAAC reaction as normal and while
changing the catalyst from CuSO4to CuCl. When the CUAAC reaction was conducted
normally the phosphorous peak was once again observed and was stable to submersion in
water, with mild agitation, for at least 10 minutes (Figure 2.2 A). Meanwhile, when the
catalyst was changed to CuCl, there was a strong initial phosphorous, like the standard
catalyst, but this surface was much less stable. As the surface was washed using the same
conditions as the standard procedure there is a drastic decrease in the phosphorous peak,
with almost all the phosphorous washed away from the surface by 10 minutes (Figure 2.2

B).
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Figure 2.2 Surface composition comparison between copper catalysts. A) Phosphorous XPS elemental
scans for surfaces functionaluzed using CuSQO, catalyst and washed for 5 minutes (red) and 10 minutes
(black). B) Phosphorous XPS elemental scans for surfaces functionalized using CuBr catalyst and washed
for 5 minutes (red) and 10 minutes (black).
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As mentioned previously, one of the greatest advantages of functionalizing PDMS
surfaces with the click reaction is the large scope of reactants available for use. Groups
such an aromatic thiophene ring and functional groups unavailable by conventional
organo-silane methods can functionalize the surface. Measuring the presence of the
thiophene ring was the same as measuring for the triphenyl phosphine, except the scan
was for sulfur instead of phosphorous. The thiophene ring was also stable on the surface
when washed with water for 5 minutes. When the wash time was increased to 10 minutes
there was a decrease in the peak but not to the same degree as the copper halide catalyzed
samples. This decrease in peak intensity could be attributed to variations in concentration
across the surface (Figure 2.3 A). Measuring the success of functional groups like
carboxylic acids and alcohols proves a more difficult task than thiophene rings or

triphenyl phosphines.

Without the introduction of new elements to the surface, by the click reaction,
XPS proves a less effective characterization technique. In these instances, surface contact
angle was used to approximate the relative surface energy and how the attachment of
these different functional groups effects that. Each step of the functionalization process
produced a surface contact angel distinct from the step preceding it. When the click
reaction was performed using propargyl alcohol as the alkyne the contact angle
approached that of oxidized surfaces. Considering this functionalized the surface with
alcohol groups it was a positive sign the reaction succeeded. When propiolic acid, to
functionalize with carboxylic acids, was used as the alkyne the contact angle decreased

again but not as much alcohol functionalized surfaces (Figure 2.3 B).
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2.2 Kirigami Inspired Smart Adhesive Composite

Modern adhesives utilize a homogeneous adhesive surface resulting in an equal
amount of force required for delamination regardless of the release axis. Creation of
materials that feature a preferential delamination direction, a quick release axis, is
important for the creation of materials designed to be temporarily adhered. Work to try
and program a quick release axi is focused on only the design and shape of the vessel
with adhesive properties®. This has been done with kirigami, the ancient Japanese art of
paper cutting, to create a non-conformally contacted interface and decreasing the
adhesive area’®. When the kirigami is performed selectively with gaps favoring one axis
over another it can create a difference in the delamination force profile for one direction
over another. While promising, kirigami alone does not produce enough of a force

difference for one axis of release over another.

Kirigami only limits the adhesive forces by controlling the contact area for
adhesion. Another major aspect of adhesion is the chemical groups giving rise to the
adhesive forces. Adding directionality to the chemistry of adhesion should allow for more
control of the directionality of delamination. Our group has already shown a simple
method using reel to reel printing techniques to pattern the adhesion experienced between
PDMS and commercial plastics!’. Combining the principals of kirigami to limit contact
area and chemical patterning to limit chemical adhesion should allow for more fine-tuned

control of the delamination of commercial plastics from PDMS.

2.2.1 Methods
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Poly (ethylene terephthalate) ((PET)) sheets were purchased as slide
transparencies from an office supplies retailer. The sheets were then cut into a 5x8 inch
rectangles and washed by ultrasonication in toluene, isopropyl alcohol, and then water for
5 minutes each. After washing and drying, the sheets were placed into an HP Laserjet®
m551 color printer where designs were printed onto the sheets (Figure 2.4 A-B). Next a
Cricut® craft cutter was used to create the kirigami pattern by selectively cutting out pre-
determined parts of the pattern (Figure 2.4 C). This yielded sheets 1.8 inches wide by 7.5
inches long with kirigami cut outs and patterns for selective functionalization on the
surface. The samples were this long to allow for multiple spaces with patterned

functionalization.

PDMS was prepared according to manufacturer specifications by mixing creating
a mixture of 10:1 (w/w) monomer to catalyst and stirring completely. The mixture was
then degassed by vacuum until all air bubbles were removed from the mixture. Then the
mixture was poured into a mold to achieve dimensions of 3 cm x 10 cm x 2 cm. Once the
mold was filled it was transferred to a 60°C oven and cured for 2 hours. After curing the
PDMS was demolded and transferred to a clean glass slab for oxidation and composite

assembly.

PDMS was simply oxidized using a PlasmaEtch system at 60% power for 30
seconds to completely oxidize the surface (Figure 2.4 F). Functionalization of the PET
sheets was conducted by using UVO followed by a liquid deposition of the adhesive
compound onto the surface. UVO was conducted using a UV lamp for 1 minute to
selectively oxidize the surface. The success of this step was determined qualitatively by

using a water droplet and observing the wettability on surfaces printed with ink and
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oxidized surfaces. After confirming the oxidation, the strip was dropped in a pre-prepared
solution of poly (ethylene imine), or PEI, in water (Figure 2.4 D-E). To achieve complete
dissolution of PEI the solution was heated to 60°C and was used hot to avoid PEI
crashing back out of solution. PEI was used to create this composite due to its lack of
formal bonds with oxidized PDMS. Relying on the hydrogen bonding experienced
between the two surfaces results in one that is reversibly adhered compared to previous
work that was concerned with creating irreversible bonds. After functionalization of the
PET sheets and oxidation of the PDMS slab was completed, the composite was
assembled by placing the functionalized side of the PET sheet onto the oxidized surface
of PDMS (Figure 2.4 G). The PET sheet was smoothed out onto the PDMS to ensure
complete conformal contact between the two surfaces. The composite was then weighed

down and left to sit overnight to achieve maximum adhesion on the surface.
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Figure 2.4 lllustration of Kirigami composite assembly A-B) Cleaning and printing of patterns onto
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of printed and cut PET samples, images included are surface contact angle measurements of ink printed
(left) and bare (right) PET after UVO. E) Chemical treatment of the oxidized PET surface with PEI. F-G)
Oxidation of PDMS (F) and then assembly of composite material (G).
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CHAPTER 3: BIOMINERALIZATION AND PATTERNED ADHESION ON
FUNCTIONALIZED PDMS SURFACES

3.1 Biomineralization on Click Functionalized Surfaces

In classical nucleation theory, heterogeneous nucleation is largely determined by
the surface energy of interactions between the surface, solution, and crystal. Eq. 1
represents the relationship between the steady state nucleation rate (Jo) and the

thermodynamic barrier for nucleation (4G")*=.
Jo = Ae~ (A6 kgT Eq 3.1

A represents a pre-exponential factor specific to the crystal and surface, kg is the
Boltzmann Constant and T is the absolute temperature. The thermodynamic barrier for
nucleation can also be related to the net surface energy of the surface according to Eq.

3.2.

3
AG* _ Fo¥ner) Eq 3.2

kpTo?

Here F is a geometric parameter, e is the molar volume, and o is supersaturation. ynet
represents a summation of the interfacial energies between the solution (L), surface (S),

and crystal (C) defined in Eq. 3.3, where h also represents a geometric parameter.

Ynet = Vic + h(¥Ysc —vs1) EQ.3.3

The addition of groups better suited for biomineralization, such as carboxylic acids,
create more favorable surface interactions and increase the probability of nucleation®.

This work grew calcite on the surface of click functionalized surfaces due to the previous



52

work our group has done with this crystal system and its prevalence in the field of

biomineralization®.

Calcite growth was performed using a diffusion-based method. Firstly, a 100 mL
solution of 200 uM calcium chloride was prepared by diluting a 200 mM calcium
chloride stock solution using 18 MQ water. Strips of PDMS were functionalized using
the click chemistry scheme discussed earlier and placed on a glass plate 0.5 cm apart. The
glass plate was then inverted and suspended in a glass dish and placed into a sealable box
of dimensions 20x27x14.5 cm. In the same box, two dishes were placed 7.5 cm apart and
16.5 cm from the dish containing the calcium chloride solution. In these two dishes was
equal parts of 2 g of crushed ammonium carbonate. The box was then sealed, and the
crystallization proceeded for 3 hours. After crystallization was performed samples were

removed from the solution, placed onto clean microscope slides, and dried using N2 gas.

Imaging was performed using a Zeiss Axio Scope Al using an optical imaging
procedure. Surfaces were observed using a 5x objective and brightfield parameters.
Images taken with the microscope were then further processed using ImageJ to acquire

information on the crystal count and size distribution in the area observed.

3.1.1 Results & Discussion

To achieve an understanding of how closely the click functionalized surfaces
mimic previous work two functionalized surfaces (alcohol and carboxylic acid) and
native PDMS were observed. When crystals were grown on the surface of PDMS
functionalized with propargyl alcohol there was little crystal growth on the surface and

those that did grow were relatively small (Figure 3.1 A). Considering, the surface
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environment is decorated primarily with -OH groups and using contact angle it was
evident the surface was mimicking oxidized PDMS this is to be expected. Oxidized
PDMS is known to inhibit the growth of calcite on its surface due to its high surface

energy from the -OH groups.

Surfaces decorated with carboxylic acid experienced far larger amounts of crystal
growth and achieved an even smaller crystal size distribution than crystals grown on
alcohol functionalized surfaces (Figure 3.1 B). Previous work studying calcium carbonate
growth on carboxylic acid terminated surfaces showed a similar high degree of
nucleation®. The degree of crystallinity was shown to be incredibly high and is not as well
observed here. This could be attributed to a lack of appreciable time to allow the calcium
carbonate to grow or the lack of rigidity on the surface may decrease the degree of
crystallinity on the surface. Native PDMS served as a control since it is established that
the native surface of PDMS encourages the growth of PDMS, which was replicated here

(Figure 2.4 C).
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Figure 3.1 CaCOs growth on click functionalized PDMS A) 5x optical micrograph of CaCOj crystals

grown on OH terminated PDMS. B) 5x optical micrograph of CaCOs crystals grown on COOH terminated

PDMS. C) 5x optical micrograph of CaCOs crystals grown on CH3 terminated PDMS. D) Table of results

of crystal growth including count, area covered by crystals, and average crystal size distribution.
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3.2 Kirigami and Chemical Patterning Adhesion

Kirigami allows for physical limitations to be placed on the area of adhesion
experienced between to objects. By also exerting control over the chemical aspects of
adhesion this can be tuned further. To achieve this, three patterns were printed onto the
surface of PET to monitor how changing the areas of chemical adhesion effect the
bonding between the surfaces (Figure 3.2 A-C). The areas in black are where ink was
printed on the sample and the inscriber rectangular regions were removed with the craft
cutter. Each design was also made to test for directional control of the release axis by

changing the pattern orientation partway through the sample.

The adhesion between the PET sheets and the PDMS slab was measured using a
Instron tensile strength tester. Samples were affixed to a stage using Kapton double sided
tape due to its high adhesive force experienced with PDMS so that delamination between
PDMS and PET, not PDMS and the stage, was being tested (Figure 3.2 D). Standard peel
testing utilizes a moving stage to ensure a consistent peel angle of 90°, the Instron was
used for ease of access but does not possess a moving stage leading to a variable peel
angle and some artifacts in the results. Testing used a generic strain to break recipe where
the stop point was when either complete delamination of the PET sheet or cohesive

failure of the PDMS substrate occurred.
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Figure 3.2 lllustration of pattern design and tensile testing design A-C) Designs printed onto PET
sheets; either bare (A), triangle (B), or gradient (C). D) Orientation of composites on a tensile testing

instrument. The arrow represents the direction of delamination.
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3.2.1 Results & Discussion

As the PET sheets were delaminated from the surface 5 distinct force peaks were
observed corresponding to the four areas with printed pattern and a fifth area that was an
artifact of the design. Gradient patterned samples had an initial orientation where the
first and second segments featured areas with little ink and therefore large initial
adhesion. The third and fourth segments flip the design so instead of a large area of high
adhesion a large segment of ink is encountered instead. The change in location of the area
of strong adhesion cause a similar change in the peak force intensity experienced (Figure
3.3A). This was reflected in the delamination force profiles where the first two peaks
feature a large initial area of adhesion which tapers off. The third and fourth peaks feature
a lower initial force and lower force overall as the peel did not have to overcome a large

adhesion barrier.

This result was shown to be even more drastic for the samples patterned with
triangles. Here the area of area of programmed adhesion was initially larger than that
experienced by the gradient pattern which was reflected in the large initial force reading
recorded for this pattern (Figure 3.3B). As the pattern flipped, instead of needing to
overcome an initial large adhesion area, a large area of no adhesion is experienced first
and a lower force in general is required to finish delaminating the sample. All samples
experience the same large delamination force for the final peak due to the end of all the
samples bearing a large portion of complete adhesion requiring a maximum force to

successfully finish the delamination.
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Figure 3.3 Delamination of patterned PET sheets from PDMS A) Force profile of triangle patterned
samples. B) Force profile of a gradient patterned sample. C) Ilustration of Triangle patterned sample with
an arrow demonstrating direction of delamination.
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CHAPTER 4: FUTURE PROSPECTS OF PATTERNED CHEMICAL

FUNCTIONALITY AND AHDESION

In previous chapters, schemes to modulate surface chemistry using click chemistry
and methods of patterning chemical functionalization were discussed. These methods
were then utilized for biomineralization and patterning adhesion towards the creation of
composite materials that experience a quick release axis. The information gathered from

these projects will be used in the future for work described in the following chapter.
4.1 Covalent Attachment of Hydrogels

Hydrogels are a classification of polymer that due to the porosity of the polymer
network and the intrinsic hydrophilicity of the backbone can take up water causing the
network to swell®. The swelling experienced is dependent on several factors such as
crosslink density>3, monomer size, and for certain hydrogels temperature?. Poly
(acrylamide), or PAm, is a hydrogel whose properties are well established in the
literature, particularly its swelling and deswelling nature®. PAm hydrogels due to their
structure swell in the presence of water due to the abundance of hydrogen bonding and
ability of the polymer chain to flex and extend. When the hydrogel is subjected to an
anhydrous solvent, such as ethanol, the removal of water from the hydrogel pores causes
the matrix to shrink to its original state. A similar set of swelling characteristics is
observed for poly (N-isopropyl acrylamide), or NIPAm®. While structurally similar to
PAm, NIPAm does not contain proper functional groups to participate in hydrogen

bonding. Instead, it experiences a phase change at approximately 32° C.
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Despite the differences in the mechanism of swelling both hydrogels have been
used for the creation of soft actuators®!. Using the mimic masking techniques described
earlier large patterns of wettability can be generated rapidly. Where previously this was
used for the creation of large, ordered arrays of liquid droplets, if the droplets are, instead
of water, a hydrogel pre-polymer mixture, a large array of hydrogels can be made just as
easily'2. With this large array of hydrogels now on the surface of oxidized PDMS they
remain adhered mostly through non-covalent forces (Van der Waals and hydrogen
bonding). The adhesive force they experience is still strong enough that when the phase
transition mentioned previously is experienced, in this case by varying relative humidity,
it causes a force imbalance with the surface of PDMS leading to buckling on the surface.
This buckling was also shown to be directional by adjusting the size and directionality of
the hydrogel droplets or adjusting the orientation of the mask prior to oxidation. Despite
the advances this proposed in the field of soft robotics these actuators were unusable in
aqueous environments due to the lack of covalent bonds between the hydrogel and
PDMS. Integrating functional groups onto the surface of PDMS that allow for the
formation of covalent bonds with the hydrogel network should allow for the creation of

thin, soft actuators that function properly in aqueous environments.
4.1.1 Methods

Mimic masking allows for the selective oxidation and functionalization of PDMS.
After oxidation, PDMS samples were functionalized using a liquid deposition procedure
for silanization. This procedure included suspending oxidized samples of PDMS in 10

mL of a solution of 95:5 ethanol:water (v/v) and adding 200 pL of 3-(trimethoxylsilyl)
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propyl methacrylate for 5 minutes. Following the deposition, the PDMS is removed from

the solution, sprayed with ethanol, and placed in a 90°C oven for 5 minutes.

The two hydrogels used, PAm and NIPAm, were prepared by dissolving the
monomer in water along with the photoinitiator, Irgacure 2959, and a crosslinker, bis-
acrylamide. This pre-polymer mixture was the deposited onto functionalized PDMS
using a nebulizer (Figure 4.1A). Following complete filling of the hydrogel spot,

crosslinking was performed using a 1000W UV source.

4.1.2 Preliminary Results

Once the hydrogels were deposited and crosslinked to the surface, a simple wash
step with deionized water was performed to test the hydrogels adhesion to the surface.
The washing step involved submersion in de-ioninzed water followed by drying with a
N2 gas. Both the PAm and NIPAm hydrogels remained adhered to the surface of PDMS
after the washing step. The array of the hydrogels was also well maintained after the
washing step, ~99% remained attached. The hydrogels also remain adhered when
subjected to a constant flow of water and not just simple submersion. The ability to
remain adhered in a constant flow environment also allowed for demonstrations of their
swelling and deswelling nature. PAm hydrogels could be swollen upon submersion in
water and then shrunk by flowing over an organic solvent, ethanol, to remove water from

the hydrogel and collapse the matrix.
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Figure 4.1 Covalent attachment of hydrogels that swell and deswell A) Illustration of the process to

covalently attach both PAm (i) and NIPAm (ii). B-C) PAm hydrogels swollen under aqueous conditions

(B) and shrunken in organic solvent (C). D-E) NIPAm hydrogels swollen under aqueous conditions (D) and

shrunken in organic solvent (E). F) table quantifying the area change experienced by both PAm and

NIPAmM hydrogels.
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The main advantage that these covalently bound hydrogels present is their ability
to function while submerged in water. Their classical means of actuation however,
typically involved the manipulation of temperature or relative humidity. Humidity is
impossible to vary underwater so other means of actuation need to be used. Incorporating
functional filler into the pre-polymer mix, like carbon nanotubes or platinum
nanoparticles, can generate heat for actuation by other schemes, such as converting light
into heat or highly exothermic chemical reactions occurring inside the hydrogel matrix.

The catalytic decomposition of hydrogen peroxide (equation 4.1):

2H,0,(aq) = 2H,0(l) + 0,(9) (Eq4.1)

is a highly exothermic catalytic process and an excellent test case.

To test the effectiveness of this process as a chemical engine, the original
assembly needed to be tested first. When hydrogels are crosslinked to the surface of
PDMS without platinum nanoparticle fillers and H2O: is flowed over there is little change
to the hydrogels. The area change of hydrogels with platinum was only 5%, less than
previously recorded when water of varying temperatures was used (Figure 4.2 A, B, E).
Meanwhile, when hydrogels were assembled with platinum nanoparticles two key
differences were observed. First, the hydrogels experienced a percent area reduction
closer, now 12%, to that observed when the temperature of water was changed. Second,
the hydrogels now also evolved bubbles (Figure 4.2 C-E). One of the products of
catalytic decomposition of hydrogen peroxide is Oz gas. Therefore, the presence of gas

bubbles is a positive indicator of successful decomposition.
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H,0 Tl H,0, H,0 Tl H,0,

Areain Area in Percent
H,O (um?) O, (um?) | Contraction
PNIPAm - No Pt 4600 + 400 | 4400 + 400 5+3
PNIPAm - With Pt | 4500 + 400 | 4000 * 400 123

Figure 4.2 Chemically driven phase transition of covalently bound hydrogels A-B) NIPAm hydrogels
covalently attached to functionalized PDMS without platinum nanoparticles in water (A) and 3% H,0; (B).
C-D) NIPAm hydrogels covalently attached to functionalized PDMS with platinum nanoparticles in water
(C) and 3% H,0; (D). E) Table calculating the percent area change of hydrogels in water vs. peroxide

solution.
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4.1.3 Future Work

Despite the positive results of these experiments, the decomposition of hydrogen
peroxide is a poor reaction for thermal actuation. The evolution of gas, while a positive
indicator of the reactions success, could disrupt the incorporation of these hydrogel
systems in various applications. Moving to different chemical engines, that do form
gaseous products, will allow for easier application of covalently bound hydrogels. This
can be accomplished by using other highly exothermic reactions such as click reactions
or looking at other means of heat generation, such as light conversion. These hydrogels
also do not illicit as large an area change as PAm, leading to less of a response ratio when
used for applications such as soft actuators. Applying this method to a more flexible
hydrogel or taking inspiration from block copolymers and incorporating a more flexible
monomer could allow for a greater response ratio.

4.2 Generation of Large Arrays of Hydrogels for 3D Cell Growth

Hydrogels also experience high biocompatibility due to their organic components
and stability in water. Combining this with their intrinsic elasticity has led to their use in
biomaterial applications. This has been done with creating smart bandages**°, soft
biological implants®’, and semi-permeable membranes®*°. This exposes cells to
materials that can experience variable stiffness'®?°, porosity?-??, and swelling
parameters®3. While work has been done to investigate how cells behave while
encapsulated in hydrogel systems, this is limited to bulk hydrogels®*. Working with bulk
hydrogels limits study of how changes to the surrounding environment effect cells on an
induvial basis. Utilizing techniques developed for the covalent attachment of large arrays

of hydrogels it should be easier to monitor cell reactions to environmental stimuli and
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increase the throughput that these studies can be performed at due to number of spots

each array features.

4.2.1 Methods

Functionalization of PDMS was carried out in the exact same manner as covalent
attachment of hydrogels. PDMS strips were selectively oxidized using a mimic mask and
then submerged in 10 mL of 95:5 (v/v) water and ethanol solution with 200 pL of 3-
(trimethoxylsilyl) propyl methacrylate for 5 minutes. After deposition samples were
rinsed with ethanol and transferred to a 90°C oven for 5 minutes to finish the

functionalization.

The pre-polymer mix was prepared by dissolving 100 mg of Irgacure 2959 in 1
mL of methanol. In a separate container the PEGDA solution was prepared by dissolving
enough PEGDA to achieve the appropriate concentration (between 3-50% w/w) in 1 mL
of phosphate buffer solution (pH 7). After addition of PEGDA at higher concentrations
the solution needed vigorous stirring to achieve complete dissolution. Once the PEGDA
was dissolved completely, 10 puL of the Irgacure solution were added to achieve a final
concentration of 1% Irgacure (w/w). The final solution was syringe filtered and then

transferred to a 1 mL syringe for spray application.

The hydrogel pre-polymer mix was spray deposited on the surface using a
nebulizer according to procedures previously developed by our group. Samples were
sprayed with the hydrogel pre-polymer mixture for 2.5 minutes and then observed for
underfilling or overfilling of the pattern. If the pattern spots were underfilled the sample

was sprayed again in intervals of 30 seconds until filled completely. When satisfactorily
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filled the samples were removed from the spray deposition chamber and crosslinked
using a 200 W 365 nm UV source oriented beneath the sample to facilitate reactivity with
the surface first. Crosslinking was performed for 4 minutes to allow for maximum

exposure time without harming cells.

4.2.2 Results & Discussion

Initially, the dry adhesion of hydrogels was tested using the tape test. The tape
was performed by first imaging hydrogels under a laser confocal microscope, applying
and removing a piece of 3M scotch tape, and then reimaging the initial observed area.
The first set of parameters tested was how necessary the various steps of the
functionalization procedure were for the attachment of hydrogels to the surface. This
entailed studying surfaces that had not been treated with the silane and hydrogels where
the crosslinking was not performed. Hydrogels spray deposited onto oxidized surfaces
and then crosslinked, experienced some adhesion to the surface but a significant portion
of the array was still lost (Figure 4.3 A-B). When hydrogels were not crosslinked the
polymer, network did not have a chance to properly form and remained in a liquid state
(Figure 4.3 C-D). Only samples where the adhesion promoting silane was deposited onto
the surface saw complete retention of the hydrogel array and experienced little to no

deformation of the hydrogel structure after removal of the tape (Figure 4.3 E-F).



Figure 4.3 Functionalization effect on hydrogel adhesion A-B) Adhesion PEGDA hydrogels to the
surface of oxidized PDMS before (A) and after (B) application and removal of tape. C-D) Adhesion of
uncrosslinked PEGDA hydrogels to methacrylate terminated PDMS before (C) and after (D) application
and removal of tape. E-F) Adhesion of PEGDA hydrogels to methacrylate terminated PDMS before (E)

and after (F) application and removal of tape. Scale represent 100 pm.
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To gain understanding of how the polymer network forms with the surface the
concentrations of both PEGDA and Irgacure. When the concentration of Irgacure is too
low, 0.05-0.15% (w/w), the hydrogel is notable to properly crosslink. This causes the
hydrogel droplets to remain liquid and not bind to the surface (Figure 4.4 A-D). Adhesion
of hydrogels to the surface was accomplished with a higher concentration of Irgacure, 1%
(w/w) (Figure 4.4 E-F). A similar condition is seen with respect to monomer
concentration and adherence to the surface. When the concentration of PEGDA was kept
below 10% (w/w) hydrogels experienced adhesion to the surface as expected (Figure 4.4
A-D). When the concentration was raised to 30% (w/w) once again the droplets did not
properly crosslink and remained in a liquid state (Figure 4.4 E-F). Interestingly, when the
concentration of PEGDA was raised even further, 50% (w/w), the viscosity of the
hydrogel solution was so great that the droplets were able to bridge the unfunctionalized
gap (Figure 4.4 G). This led to the formation of far larger droplets that were able to be

internally crosslinked and crosslinked to the surface (Figure 4.4 H).
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Figure 4.3 Photoinitiator concentration effecting dry adhesion of hydrogels A-B) Hydrogels containing

0.05% Irgacure before (A) and after (B) application and removal of tape. C-D) Hydrogels containing .015%
Irgacure before (C) and after (D) application and removal of tape. E-F) Hydrogels containing 1% Irgacure

before (E) and after (F) application and removal of tape.
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Figure 4.4 Monomer concentration effecting dry adhesion of hydrogels A-B) Hydrogels

containing 3% PEGDA before (A) and after (B) application and removal of scotch tape. C-D) Hydrogels

containing 10% PEGDA before (C) and after (D) application and removal of scotch tape. E-F) Hydrogels
containing 30% PEGDA before (E) and after (F) application and removal of scotch tape. G-H) Hydrogels
containing 50% PEGDA before (G) and after (H) application and removal of scotch tape.
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Wet adhesion of the hydrogels was also a concern since cells need to be
submerged in proper growth media to proliferate and grow. This required that along with
dry adhesion, the wet adhesion of hydrogels also needed to be monitored. Wet adhesion
followed a similar pattern to dry adhesion, where if the hydrogel did not appear to feature
a morphological change, the hydrogel remained adhered after submersion for 48 hours in
water (Figure 4.5 A-B). The largest difference was that instead of a morphological
change, the hydrogel droplets were completely washed away from the surface. If a
hydrogel was able to remain adhered after the tape test it was found to also remain

adhered after submersion in water.

With the aim of these hydrogels to eventually involve the incorporation of cells,
who do not grow in water, the stability of hydrogels in other solvents needed to be
performed. Cells are often grown in a cell growth media, such as Dulbecco’s modified
eagle medium (DMEM), which contain a complex mixture of various salts and proteins
for the cells. This added complexity was shown to not affect the adhesion of PEGDA
hydrogels over a 48-hour period at elevated temperatures, 38° C (Figure 4.5 C-D). To
help ensure the safe growth of the cells an antibiotic, penicillin-streptomycin (penstrip),
and fetal bovine serum (FBS) were also added to the growth solution and still did not

interfere with the adhesion of PEGDA hydrogels (Figure 4.5 E-F).



Figure 4.5 Wet adhesion of PEGDA hydrogels in various media A-B) PEGDA hydrogels submerged in
water before (A) and after (B) 48 hours at 38°C. C-D) PEGDA hydrogels submerged in DMEM before (C)
and after (D) 48 hours at 38°C. PEGDA hydrogels submerged in DMEM with penstrip and FBS before (A)
and after (B) 48 hours at 38°C.
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There has been significant work done to covalently bind a biocompatible
hydrogel, PEGDA, to the surface of PDMS. Despite this, incorporation of cells into the
hydrogels is a difficult task as they can affect the rheological properties necessary for
spray deposition. PEGDA itself also does not encourage the attachment of proliferation
of cells making. PEGDA can be further modified with RGD, a cell adhesion promoter,
allowing for cell proliferation inside the hydrogel matrix. There is also further tuning of
the hydrogel network to understand how cells proliferate while confined in small spaces

with variable stiffness or porosity.
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