University of Massachusetts Amherst

ScholarWorks@UMass Amherst

Doctoral Dissertations Dissertations and Theses

October 2022

Biomedical Applications of Protein Films and Polymeric
Nanomaterials

Sanjana Gopalakrishnan
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2

b‘ Part of the Amino Acids, Peptides, and Proteins Commons, Bacteriology Commons, Biomedical and
Dental Materials Commons, Organic Chemicals Commons, Other Analytical, Diagnostic and Therapeutic
Techniques and Equipment Commons, Other Chemicals and Drugs Commons, and the Therapeutics
Commons

Recommended Citation

Gopalakrishnan, Sanjana, "Biomedical Applications of Protein Films and Polymeric Nanomaterials"
(2022). Doctoral Dissertations. 2625.

https://doi.org/10.7275/30584014 https://scholarworks.umass.edu/dissertations_2/2625

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at
ScholarWorks@UMass Ambherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.


https://scholarworks.umass.edu/
https://scholarworks.umass.edu/dissertations_2
https://scholarworks.umass.edu/etds
https://scholarworks.umass.edu/dissertations_2?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/954?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/49?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/953?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/953?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/955?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/994?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/994?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/951?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/993?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/993?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.7275/30584014
https://scholarworks.umass.edu/dissertations_2/2625?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F2625&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@library.umass.edu

BIOMEDICAL APPLICATIONS OF PROTEIN FILMS AND POLYMERIC
NANOMATERIALS

A Dissertation Presented
by

SANJANA GOPALAKRISHNAN

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY

July 2022

Department of Chemistry



© Copyright by Sanjana Gopalakrishnan 2022

All Rights Reserved



BIOMEDICAL APPLICATIONS OF PROTEIN FILMS AND POLYMERIC
NANOMATERIALS

A Dissertation Presented
by

SANJANA GOPALAKRISHNAN

Approved as to style and content by:

Prof. Vincent M. Rotello, Chair

Prof. Dhandapani Venkataraman, Member

Prof. Michael D. Barnes, Member

Prof. Cathal J. Kearney, Member

Prof. Ricardo Metz, Department Head
Department of Chemistry



DEDICATION

To Appa for inspiring me to always ask why and Amma for teaching me to never shy
away from the how.



ACKNOWLEDGMENTS

This work, like most science, was not done in isolation and would not have been
possible without the help and support of many individuals.

First and foremost, I would like to thank my advisor, Prof. Vincent M. Rotello for
his invaluable guidance and support throughout my PhD. This work would not have been
possible without his scientific expertise and vision. Thank you for giving me the freedom
to pursue research areas that I was interested in and teaching me the importance of “having
fun” while doing science. I deeply appreciate the lessons I have learnt from you and the
confidence they have instilled in me.

I would also like to acknowledge the professors who have been a part of my
dissertation committee — Prof. Dhandapani Venkataraman, Prof. Michael D. Barnes, Prof.
Cathal J. Kearney, and Prof. Laura Bradley. Thank you all for your continued support
through the years and for the critical insights and feedback you have provided from time
to time.

Much of this research work would not have been possible without the assistance of
my collaborators at the Duan lab (Shuting, Yang), Thayumanavan lab (Manisha, Ann),
Kearney lab (John, Dorcas) as well as Dr. Lan Zhang and Jinlong. Thank you all for helping
me explore new and interesting scientific avenues and for always being generous with your
time. I also want to acknowledge the support provided by Dr. Alexander Ribbe and Louis
Raboin at the IALS Electron Microscopy facility.

I want to acknowledge the past and current members of the Rotello lab that have
been a crucial part of my journey. I am very fortunate to work in a lab full of remarkable

scientists that greatly value collaboration and have created an inclusive and positive



workplace. Thank you all for the continued support and friendship that you have afforded
to me, and for being the best hype-team one could ask for. I want to especially thank Dr.
Li-sheng Wang for being an excellent mentor and for being so patient with me. I am
grateful to the contributions that Dave, Jessa, Aarohi, Aritra, Jungmi, and Jonathan have
made to this work. I want to thank to Carol for always providing me the help and resources
I needed to do my work. I also acknowledge the support provided by the Chemistry staff —
Vicki, Caroline, jms, Rebecca, Bob and Dennis.

I want to thank all my friends, near and far — even though I cannot name you all in
this document, I greatly value each of your friendships. I especially want to mention
Alankrita, Amrita, Anushka, Jaya, Saloni and Shalu for being excellent role models. I am
so proud of how far you all have come and the wonderful people you have become.

I want to end by thanking my family —Thank you, Praveen, for being a part of this
journey right from the beginning, for believing in my abilities when I didn’t, and for being
my partner in the truest sense of the word. Thank you, Shriya, for always inspiring me to
be creative. And finally, thank you Amma and Appa for supporting your 16-year-old
daughter when she wanted to leave home to pursue her dream and then every day after, as
I travelled further and further to pursue new dreams. Thank you for the trust you have

placed in me and for your love and support.

Vi



ABSTRACT

BIOMEDICAL APPLICATIONS OF PROTEIN FILMS AND POLYMERIC
NANOMATERIALS

JULY 2022

SANJANA GOPALAKRISHNAN, B.S., INDIAN INSTITUTE OF TECHNOLOGY
KANPUR

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Vincent M. Rotello

Biomaterials are widely applied for the diagnosis and treatment of numerous
diseases. In addition to fulfilling specific biological functions, biomaterials must also be
non-toxic, biocompatible, and sterilizable to be regarded as safe-for-use. Polymers are
excellent candidates for fabricating functional biomaterials due to their wide availability
and varied properties and may be natural or synthetic. Polymer precursors are fabricated
into coatings, foams, scaffolds, gels, composites, and nanomaterials for several biomedical
applications. This dissertation focuses on two types of polymeric biomaterials — protein-
based materials and synthetic polymeric nanoparticles. Proteins are biopolymers that
naturally occur with a variety of structural and functional properties. However, the
fabrication of protein-based materials is challenging due to their aqueous and mechanical
instability. In this work we highlighted the development of an additive-free, thermal
treatment approach that relies on heat-curing protein films in fluorous media (fluorous-
curing). In doing so, we are able to minimize protein denaturation and retain surface
properties. Charged protein films were utilized to prepare antimicrobial coatings and size-

sorting devices. We also demonstrated the utility of fluorous-curing to enhance mechanical

vii



and enzymatic stability of collagen films with minimal denaturation. In the latter part of
this work, we utilized ultrasound treatment to enhance the activity of biomaterials.
Ultrasound is gaining interest as a tool used in combination with biomaterials for
applications such as enhanced penetration of therapeutics into tissue, regulating drug
release through ultrasound-responsive scaffolds, and sonodynamic therapy. However,
these developments are limited and delayed due to the lack of effective in vitro models that
prevent uncontrolled cell lysis during ultrasound. We developed 2D and 3D cell cultures
for ultrasound treatment using collagen-based materials. We hypothesized that collagen
would act as a support for the cells and absorb the energy exerted by ultrasound, thereby
protecting the cells. We then utilized ultrasound in combination with antimicrobial
polymeric nanomaterials for the synergistic eradication of bacterial biofilms.
Antimicrobial polymer nanoparticles are an alternative to traditional antibiotics that
prevent development of drug resistance. However, longer incubation durations and higher
concentrations are required to allow for penetration into the bacterial biofilms which
results in toxicity to mammalian cells. Ultrasound enhances the penetration of these
nanoparticles into the biofilm EPS thereby reducing the incubation time and enhancing
antimicrobial activity, with minimal toxicity to mammalian cells. Overall, this dissertation
discusses significant developments in polymeric materials for varied potential applications
as diagnostic sensors, antimicrobial materials, wound-healing, tissue engineering, and drug

delivery applications.
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Figure 2.1. Schematic depiction of strategies of fabrication of protein films and
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crosslinking, and thermal treatment. Applications of protein films
include tissue engineering scaffolds, drug eluting coatings and

antimicrobial SUITACES. .....ooviiiiiiiiiiei 49

Figure 2.2. Schematic overview of the strategies of fabrication of silk films and
coatings. (I) summarizes strategies for preparation of silk solutions
and (IIT) summarizes methods of fabrication of silk films. (II) and
(IV) summarize strategies for manipulation of film properties either
before (II) or after (IV) film formation. Reproduced with
permission. 1?1 Copyright 2014, American Chemical Society................

Figure 2.3. (a) Schematic depiction of freezing-annealing technique for the
crosslinking of silk-fibroin (SF) and hyaluronic acid (HA) fibers (b)
% Water solubility with respect to increase in % HA ratio. (c)-(f)
Surface morphology of SF/HA scaffolds with varying wt% of HA
obtained through SEM imaging. Scale bars are 500 pum. Adapted
with permission.*! Copyright 2020, EISEVIer. ..........ccceevirirverereiiierennns

Figure 2.4. (a) Synthesis scheme for fabrication of AD-X-CAS (dialdehyde
sodium alginate crosslinked Casein). Schematic representation and
SEM image of (b) AD-X-CAS and (c) GS-loaded AD-X-CAS. (d)
Disk diffusion assay depicting antimicrobial activity of GS-loaded
AD-X-CAS against E. coli. Diffusion of GS inhibits bacterial
growth around loaded AD-X-CAS as compared to control. Scale
bars are 50 um. Adapted with permission.*’ Copyright 2016,
Informa UK Limited, trading as Taylor and Francis Group. ..................

Figure 2.5. (a) Schematic depiction of the NIL treatment of protein films using
flat or patterned mold. (b) Heat map depicting the correlation
between treatment conditions and stability of the films. Treatment
at 180 °C and 3 MPa resulted in stable BSA, Hemo and Lyso films.
(c) CD spectra of 1. Spin-coated protein films 2. NIL films and 3.
Protein solution (0.1 mg/ml in 5 mM PB) depicting that treated
protein films retained most of their secondary structure. (d) Cell
adhesion on BSA, Hemo and Lyso films treated at 180 °C. BSA and
Hemo show minimal cell adhesion while Lyso shows enhanced cell
adhesion. Scale bars are 100 pum. Adapted with permission.®
Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA,
WEINNEGIML. 1.ttt

Figure 2.6. (a) Schematic depiction of fluorous treatment using PFHP, showing

minimal rearrangement at interface of PFHP as compared to air. (b)
Water contact angle measurement through static sessile drop method
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indicating PFHP treatment results in hydrophilic films as compared
to heat-cured films. (c) CD spectra of PFHP treated films (green),
heat-cured films (red) and BSA solution (black) shows minimal
denaturation of protein due to thermal treatment in the case of PFHP
as compared to traditional heat-curing. (d) Surface potential
measured by KPFM (Kelvin Probe Force Microscopy) indicating
significant potential difference between PFHP-treated BSA (-) and
Lyso (+) as compared to heat-cured films. This suggests that PFHP-
treated proteins retain their native charges. (¢) Bare and BSA coated
dental screws stained with Brilliant Blue protein stain. Coated screw
shows uniformly dispersed blue color indicative of conformal
coating. (f) Conformal coating of BSA on dental screw verified
using SEM. BSA forms smooth, uniform coating on the screw. (g)
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coated screw while the bare screw has been completely
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particle images. Scale bar = 40 um for 3 pum particle images. ~8
images per sample were used for calculation. ..........cccceecveveriinienennne.
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Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 6.1

Figure 6.2.

topographies of FC180 and AC180 after immersion in DPBS for 4
days, AC180 has significantly higher roughness compared to
FC180. Average roughness calculated on the basis of two images
per sample (d) surface morphology of AC180 immersed in PBS.
Arrows indicate pores on the surface, which may contribute to
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(a) Fourier-transform infrared spectra of SC, FC180 and AC180; (b)
Amide I peak deconvolution of B-sheet, random coils, O-helix and
3 -turn contributes (red lines) elaborated by experimental curves for
SC, FC180 and AC180; (c) Percentage areas of different peaks in
amide I for SC, FC180 and AC180; (d) CD spectra of SC, FC180
and AC180 compared to Col-I solution. Results indicate significant

denaturation of Col-I in the case of ACI80.........ooevvvveeeeeeeeeeeiieeierinnnnn.

(a) Thickness changes in coatings post ultrasonic treatment in PBS
for different time durations. Treated films show greater cohesion
strength. Scale bars are 1 ym. b) Load-displacement curves of SC,
FC180 and AC180 recorded with increasing the applied load; (c)
reduced modulus and hardness calculated and tabulated for SC,
FC180 and AC180; PFHP treatment results in mechanically robust
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(0.025% trypsin solution) for different durations. PFHP treatment

enhances enzymatic stability of collagen films. ...........ccooceiiiiiinnien.

(a) % Cell viability of L-929 cells after incubation for 1d with
respect to growth control (Bare Si), as determined by alamar Blue
assay and (b) Live-dead staining of L-929 cells adhered on the
surface of (b) Si, (¢) SC, (d)FC180, (e) AC180 after 1d incubation
time. No significant effect on viability observed post treatment. %
cell viability was calculated with respect to bare Si. Scale bars are
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. Schematic describing 3T3 Fibroblast cells cultured on (top to

bottom) uncoated wells , 2D collagen films, and within 3D collagen
hydrogels. Cells cultured on uncoated wells show uncontrolled and
rapid cell lysis. Cells cultured on collagen films withstand some
ultrasound exposure, while cells cultured within the 3D hydrogels

withstand prolonged ultrasound eXpoSure. ........cc.ccecueereernieeneeenueennne.

Schematic representation for conducting ultrasound treatment on a
12 well plate. Each treatment condition (yellow, green and red) were
replicated three times. Blue column represents the untreated
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containing 3D collagen hydrogel cultures. ...........ccccoveeviriininnennenne.
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Figure 6.3

Figure 7.1.

Figure 7.2.

Figure 7.3.

Figure 7.4.

Figure 7.5.

. %Cell viability post ultrasound treatment for cells grown on
uncoated plates (green), plates containing 2D collagen scaffold
(orange), and plates containing 3D collagen scaffold (blue). 2D
scaffold results in ~40% increase in cell viability while 3D scaffold
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Schematic representation of effect of combination treatment on
bacterial biofilms. (a) Chemical structure of cationic polymer PONI-
C11-TMA with the poly(oxanorboroneneimide) backbone (in
black), a C,; alkyl sidechain (in blue), and a cationic trimethyl
ammonium headgroup (in red). (b) Hydrodynamic radius of PNPs,
as measured by dynamic light scattering. (c) Scheme depicting slow
penetration of PNPs into biofilms and (d) Scheme depicting rapid
biofilm disruption and enhanced antibacterial activity due to
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Top and side view confocal microscopy images demonstrating US-
mediated biofilm disruption of MRSA-GFP biofilm. (a) Native
untreated biofilm. Biofilms treated with ultrasound for (b) 20 s (c)
40 s (d) 75 s (e) 150 s and (f) 300 s. It can be seen that biofilm
disruption begins at ~40s and is almost fully disrupted at ~300 s.

Scale bar is 100 JML...c...oiiiiiiiiiiienieeeeeeeeeee e

Broad-spectrum antibacterial activity of US treatment. Each graph
represents %Biofilm toxicity at different durations of ultrasound
treatment for Gram-positive (a) MRSA and (b) S. epidermidis, and
negative (c) P. aeruginosa and (d) E. coli biofilms. Error bars
represent standard deviation (n=4). Solid blue line in (a), (b) and (c¢)
show trends consistent with Hill Equation while (d) is consistent
with Michelis-Menten Equation. Fluorescence images post pl
staining for (e) MRSA (f) E. coli and (g) P. aeruginosa show dead

bacteria. Scale bar 18 50 M. ....cocueiiiiriiiiiiiiieeeee e

Antibacterial activity of combination therapy. % Biofilm toxicity
due to combination therapy, as measured by alamarBlue assay for
(a) E. coli (b) MRSA and (c) P. aeruginosa biofilms. Conditions
where synergy was observed are marked by *. E. coli and MRSA
show synergy at several combinations and additivity for most others.
P. aeruginosa shows mostly additive behaviour, presumably due to
the strong antibiofilm effect of ultrasound treatment alone on P. aer
biofilms. (d), (e) and (f) show fluorescence microscopy images of
dead bacteria visualized by propidium iodide staining. Scale bar is
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Effect of combination treatment on (a) fibroblast cells and (b) Non-
pathogenic E. coli DHS5a biofilms in an in vitro co-culture model.
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(a) % Fibroblast cell viability measured using LDH cytotoxicity
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treatment. Error bars represent standard deviation (n==8). (b) 100- to
1000- fold reduction in bacteria concentration was observed during
combination treatment. Bacteria concentration was measured by
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CHAPTER 1

POLYMERIC MATERIALS FOR BIOMEDICAL APPLICATIONS

1.1. Salient features of biomaterials

Body tissues typically feature highly organized structures and unique compositions
that enable specific functions such as providing mechanical or structural support, transport
of nutrients and by-products, and regulation of cellular functions.* 2 However, injury,
disease, and aging often result in damage to the tissue architecture and consequently
malfunctioning organs.3 These conditions, if untreated, may result several chronic medical
conditions, such as chronic wounds,* and a reduced quality of life.

Biomaterials are defined as “a material intended to interface with biological
systems to evaluate, treat, augment or replace any tissue, organ or function of the body” as
defined in Biomaterials in Hand Surgery.> Therefore, they play a significant role in
medicine by restoring function and facilitating healing. An ideal biomaterial must have the
following features to be regarded as safe for use — 1. The material and its by-products are
non-toxic and biocompatible; 2. The material is bioinert and will not cause an immune
response in the host; and 3. The material is sterile or easily sterilizable to minimize the risk
of infections. Additionally, most biomaterials are designed to have specific functionalities
that play a significant role in medicine such as restoring tissue function, treating disease,
and facilitate wound-healing.® 7 Figure 1.1 highlights the salient features of biomaterials

and show examples of how they are incorporated into implant-based biomaterials.
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Stimulation of tissue

integration
Anti-adhesive coating

Wear resistance

Bactericidal coating

Biocompatibility
Figure 1.1. Schematic depicting a model medical implant that is non-toxic, biocompatible
and bioinert (as it is made of titanium). Biomaterials may also be designed with features
such as antimicrobial contact-killing surfaces, anti-adhesive coatings or bactericidal
coatings or alternatively to stimulate tissue integration and wound-healing. Reproduced
with permission.® Copyright 2014, Multidisciplinary Digital Publishing Institute (MDPI).

Biomaterials are often classified on the basis of their function as bioinert or
bioactive. Bioinert materials have minimal bonding with the encompassing tissue and are
often composed of inert metals or ceramics such as stainless steel, zirconia, alumina, or
titanium.”-8 They are widely utilized for fabricating implants or joint replacements. On the
other hand, bioactive materials is a broad classification for any material that elicits a
biochemical or biophysical response in the native tissue environment and may be used to
describe a wide variety of materials ranging from therapeutic nanomaterials, tissue
engineering scaffolds and grafts, antimicrobial or drug-eluting implant coatings, and drug-
loadable hydrogels.” 1* 1! Bioactive materials are utilized either on their own, such as

therapeutic nanoparticles, tissue grafts, and drug-loaded hydrogels, or in combination with
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bioinert materials, such as in the case of implant coatings. Stimuli-responsive biomaterials
are also utilized for developing triggerable drug delivery systems that release cargo in
response to endogenous or exogenous stimuli.'? Increasingly, biomaterials are also being
designed to be biodegradable or even bioresorbable, enabling the material to be fully
digested, into non-toxic by-products and metabolites that the body can process, after

fulfilling its function.!®

1.2. Polymeric Biomaterials

Polymers have recently gained interest as potential building blocks for
biomaterials owing to their versatile design space, ready availability, and ease of
fabrication. Polymers are being increasingly utilized to develop nanoparticles, hydrogels,
coatings, and scaffolds for numerous diagnostic and therapeutic strategies.'* This chapter
summarizes the different types polymeric biomaterials and their varied applications. Both
natural (polysaccharides, proteins, and nucleic acids) and synthetic polymers are widely
used as precursors and have advantages and potential challenges, that are highlighted in
the following sections. There is a special focus of polymeric nanomaterials owing to the
recent advances in the field of nanotechnology and the varied applications of polymers.
Additionally, stimuli-responsive polymers and their application in development of smart,

responsive, and targeted biomaterials are discussed.

1.2.1. Biopolymer-based materials
Biopolymers or natural polymers are polymeric substances derived from
biological sources and typically encompass polysaccharides, proteins, and nucleic acids.1®

Biopolymers carry out vital functions in living organisms and therefore exhibit unique
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properties, facilitating the fabrication of functional materials. Furthermore, they are
abundant in nature, biodegradable, and readily soluble in water. Therefore, biopolymer-
based materials can be fabricated in a green and sustainable manner with biodegradable
precursors and end-products, and minimal use of organic solvents.16 Additionally, the wide
variety of readily available biopolymers enables the fabrication of functional materials
while ensuring biocompatibility. Figure 1.2. highlights the different types of biopolymers

from different natural sources, including silk, chitosan, gelatin, and cellulose, utilized in

the fabrication of wearable sensors.1”
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Figure 1.2. Schematic highlighting different natural sources of biopolymers, including
gelatin, chitosan, cellulose, and silk fibroin, that are utilized for biomedical applications,
such as wearable sensors. Reproduced with permission.!” Copyright 2020, Elsevier.
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Several different types of biopolymers are utilized in the development of
biomaterials for a variety of applications. For instance, hyaluronic acid (HA) is a
polysaccharide that is widely used for wound-healing applications owing to its inherent
anti-inflammatory, anti-edematous, and anti-bacterial properties.’® Additionally,
polysaccharides such as HA, alginate, agar, and chitosan are widely utilized for the
fabrication of drug-loadable hydrogels and tissue engineering scaffolds owing to their
natural abundance, high hydrophilicity and polyfunctionality.’® Proteins like silk and
collagen, are widely utilized in tissue engineering applications owing to their mechanical
and structural properties and the ability to efficiently fabricate scaffolds.?? Proteins, in
particular, have unique functions, often dictated by their structures, that may be translated
into functional biomaterials, such as anti-fouling BSA coatings,?! and lysozyme-based
antimicrobial films.?? Protein- based biomaterials are further elaborated in Chapter 2.
Nucleic acids (DNA and RNA)- based materials including nucleic acid-hydrogels (NAHs),
DNA origami-based nanostructures, and RNA nanoparticles have been utilized for
numerous medical applications including gene and immunotherapy, drug delivery,
nanomachinery and catalysis.?? 24 The ability to program reaction patterns by harnessing
the dynamic interactions between nucleic acids and other biomolecules, makes nucleic
acids ideal candidates for the fabrication of hierarchical, adaptive, and responsive

materials.?*

1.2.2. Synthetic polymeric biomaterials
The past few decades have seen significant development of synthetic polymeric
biomaterials, owing to advances in synthetic technologies and materials processing

techniques.2> Unlike biopolymers, synthetic polymers need to be designed to have specific

29



properties such as bio-inertness, degradability, and responsiveness to endogenous and
exogenous stimuli. Angelova et al. have summarized for rational polymer design to
optimize chemical, physical, interfacial, and biomimetic properties.?é A wide variety of
polymers are used in biomedical implants, medical device packaging, and wound-care
materials. Polymers are utilized as protective coatings for implantable devices, adhesives,
or as substrates for a variety of implantable devices.?” For example, the wireless Medtronic
Bravo pH system was developed as an alternative to traditional pH monitoring systems for
GERD, where an epoxy coating was utilized as packaging to minimize discomfort at the
time of implantation.?® Polymeric dressings in the form of films, foams, hydrogels or
hydrocolloids are utilized for wound-care owing to their occlusivity and ability to prevent
bacterial contamination.?? Polyurethane (PU) is widely used in many semi-permeable
dressings as it is often impermeable to bacteria and liquid but is permeable to air. As
compared to control dressings like Tegaderm ™, PU films showed better rate of tissue

formation and lower inflammation, enabling better wound-healing.30- 31

1.2.3. Composites

The choice of biomaterials is often dictated by its structural and mechanical
similarity to native tissue in addition to the previously described characteristics (in section
1.1). Factors such as elastic modulus, adhesion strength, surface morphology and chemical
composition play a key role in dictating biomaterial design for a specific application. Often,
homogenous biomaterials made of a single type of precursor is unable to satisfy all the
biological and mechanical properties required for a specific application. For instance,
metals and ceramics are generally preferred over polymers for hard tissue applications such

as bone or joint implants. However, the mismatch in the elastic modulus of metals or
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ceramics and bones (about 10-20 times), results in differences in the mechanical stress
exerted on the implant vs. the bone and ultimately leads to bone atrophy over time. On the
other hand, while polymeric materials have similar elastic modulus of bone tissue, they are
much weaker than bone tissue. Polymer composite materials, such as fiber-reinforced or
carbon nanotube-reinforced polymeric materials, are an alternative to homogenous
materials providing similar elastic moduli as well as mechanical strength as the native
tissue. Additionally, by controlling the volume fractions of each component, the properties
of polymeric composites can be tailored to suit the properties of the tissue.32 The secondary
component in polymer composite materials may be metallic as in the case of
titanium/polymethylmethacrylate bone cements,33 inorganic as in the case of dental fillers
containing silica and hydroxyapatite,34 35 organic as in the case of carbon fiber-containing
polymer composites,3° or biological wherein biopolymers or live cells are combined with
polymers to generate composite biomaterials. There are several soft and hard tissue
applications of polymeric composites such as in vascular grafts, abdominal wall prosthesis,
bone and joint replacement, and bone cements.>? Figure 1.3. highlights the different types

of polymer composite materials and their varied applications.
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CF: carbon fibers, C: carbon, GF: glass fibers, KF: kevlar fibers, PMMA: Polymethylmethacrylate, PS:
polysulfone, PP: Polypropylene, UHMWPE: ultra-high-molecular weight polyethylene, PLDLA: poly(L-DL-
lactide), PLLA: poly (L-lactic acid), PGA: polglycolic acid, PC: polycarbonate, PEEK: polyetheretherketone; HA:
hydroxyapatite, PMA: polymethylacrylate, BIS-GMA: bis-phenol A glycidyl methacrylate, PU: polyurethane,
PTFE: polytetrafluoroethylene, PET: polyethyleneterephthalate, PEA: poltethylacrylate, SR: silicone rubber,
PELA: Block co-polymer of lactic acid and polyethylene glycol, LCP: liquid crystaline polymer, PHB:
polyhydroxybutyrate, PEG: polyethyleneglycol, PHEMA: poly(20hydroxyethyl methacrylate)

Figure 1.3. Schematic depicting the various types of polymeric composite materials, the
secondary components commonly utilized, and their biomedical applications. Polymers are
combined with metals, ceramics, other polymers, carbon fibers and even living cells to
generate composites for different applications. Reproduced with permission.>? Copyright
2001, Elsevier.

1.2.4. Polymeric Nanomaterials
Nanomedicine is defined as the design and utilization of diagnostic and/or
therapeutic tools on the nanoscale. Many biological, cellular, and sub-cellular processes

are regulated by various features of nanomaterials including their size, shape, flexibility,
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and chemical composition. Polymeric nanomaterials are promising for the diagnosis and
treatment of a wide range of diseases owing to their high degree of uniformity and control
on structural and chemical properties,3” as well as their versatility and flexibility.38
Polymeric nanomaterials may be designed to carry various hydrophobic or hydrophilic
cargoes, have inherent therapeutic or targeting activity owing to their surface functionality,
demonstrate triggerable behavior such as assembly, disassembly, or drug activation, in
response to endogenous or exogenous stimuli. Figure 1.4 shows the typical composition
of polymeric nanoparticles and the various design elements that may be modified for a

particular application.3°
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Figure 1.4. Representative polymeric nanoparticle with the following potential design
strategies — (a) targeting ability through functional headgroups such as antibodies or sugar
moieties; (b) Hydrophilicity, length, density, and permeability of the outer shell; (c)
hydrophobicity, charge, and permeability of the core and (d) the properties and applications
of the cargo which may be encapsulated in either the core or the shell, or even attached to
the headgroup. Reproduced with permission.’® Copyright 2012, Royal Society of
Chemistry.

Polymeric nanomaterials are utilized for a variety of biological applications.
Makabenta et al. discuss the applications of polymeric nanoparticles (PNPs) fabricated

using natural as well as synthetic polymers for the treatment of multi-drug resistant
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bacterial and biofilm infections.4® PNPs are able to access antimicrobial modalities that are
novel to bacteria and therefore bacteria are unable to develop resistance to these systems.
Natural polymers such as chitosan-based NPs are utilized for the development of pH-
responsive carriers for the controlled and targeted delivery of vancomycin to treat MRSA
infections.*! Synthetic polymers can mimic the activity of antimicrobial peptides.*?
Polymeric nanocomposites incorporating antimicrobial silver NPs#3 or phytochemicals*4
are also utilized for the treatment of bacterial infections. Polymeric carriers are also utilized
for the delivery of therapeutic proteins and nucleic acids owing to their versatility,
scalability, and biological stability. Polymeric micelles are often utilized for the controlled
delivery of biomolecules such as proteins and nucleic acids. Gonzalez-Toro et al.
developed polymeric nanogels that concurrently bind proteins on the exterior of the particle
and encapsulate lipophilic molecules within the hydrophobic pocket of the particle. This
enables co-delivery of hydrophilic proteins and hydrophobic molecules to the same target
region.*> Synthetic polyoxanorbornene-based polymers have been utilized as mimics of
traditional cell-penetrating peptides to deliver proteins.*® Polymeric nanomaterials have
also been utilized to encapsulate hydrophobic transition metal catalysts to develop
nanocatalysts for bioorthogonal drug activation. These polymeric nanocatalysts are utilized

for both anti-cancer and antimicrobial applications.47-48- 49

1.3. Effect of external stimuli on the activity of biomaterials

Different types of triggers are widely used in combination with biomaterials to
enhance, regulate and monitor their activity. These triggers are generally classified into
two types — endogenous and exogenous. Endogenous or biological triggers, such as

significant changes in pH, changes in glutathione levels, or over-expression of certain
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enzymes, are often unique diseased tissue and can therefore be utilized to regulate or
enhance the activity of biomaterials.®® Polymeric nanoparticles that respond to pH and
oxidative stress have been utilized for triggered drug delivery.’! Polymeric hydrogels for
triggered drug release are also designed to respond to endogenous triggers, such as pH.>
An interesting application of enzyme-responsive hydrogels was demonstrated by Alkekhia
et al. where they developed polymeric hydrogels that degrade in the presence of [3-
Lactamase enzymes.>* 3-Lactamases are a class of enzymes specifc to bacteria that are also
a leading cause of development of drug resistance in bacteria. Therefore, the B-Lactamase-
responsive hydrogels can specifically target bacterial infections and can be effective in
prevention of drug-resistant infections. On the other hand, exogenous triggers, such as
near IR radiation, ultrasound, temperature, and electromagnetic field, are controlled
externally and are therefore independent of inter-patient variations.*® Conductive polymers
such as polyaniline, polypyrrole, and polythiophene have are widely applied in the
development of bioactuators, sensors, nerve regenerative implants and tissue engineering
scaffolds as their high conductivity enables the cells and tissues cultured on them to be
electrically stimulated.* Magnetic nanomaterials are utilized in immunotherapy to
stimulate naive T cells, while also allowing for tracking through magnetic resonance
imaging.>> Photo- and ultrasound-induced tissue ablation are widely applied either alone or
in combination with drug-loaded biomaterials to enhance tissue penetration.>® 37
Responsive biomaterials such as thermoresponsive hydrogels® and photo-activated

nanomaterials® are also utilized for controlled and targeted drug delivery.
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1.3.1 Biomaterial applications of ultrasound treatment

Ultrasound is of particular interest in drug delivery applications as it is widely
available, minimally invasive, and has better tissue penetration as compared other
exogenous triggers such as light.60- 61 In particular, ultrasound has gained interest due to its
permeabilization ability to enhance the penetration and consequently the activity of
therapeutic agents. For instance, drug diffusion through the skin barrier poses a formidable
challenge in transdermal delivery as only a small, lipophilic molecules are able to passively
diffuse through the skin.®? Ultrasound has the ability to reversibly and non-invasively
permeabilize the skin enabling localized and controlled delivery of small molecules,
biologics, or nanomaterials.>¢

Ultrasound is an oscillating pressure wave with a frequency above 20 kHz.
Ultrasound-based treatments are divided into three ranges based on the frequency — low
frequency sonophoresis (LFS 20 — 100 kHz), therapeutic ultrasound (0.7 — 3 MHz), and
high frequency sonophoresis (HFS > 3 MHz).%3 Ultrasound-based therapies often utilize a
combination of one of more of these three main mechanisms — thermal effects, radiation
and convection, and acoustic cavitation.’*Thermal effects are a result of the attenuation of
sound energy in the tissue, which heats up the surrounding tissue, resulting in increased
blood flow. Convection and radiation both rely on the agitation of surrounding fluid as a
result of ultrasound. Lastly, acoustic cavitation is the process of formation and propagation
of microbubbles as a result of ultrasound, resulting in tissue permeabilization.

Sonophoresis is widely utilized to enhance the penetration of therapeutic agents in
a target region, particularly for transdermal delivery of biomacromolecules, including

siRNA and proteins.®* 65 In these cases, ultrasound is frequently combined with other
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biomaterials such as hydrogels or microneedle patches that act as a reservoir for the
therapeutic agents. Sonophoresis has also been used in combination with therapeutic
nanomaterials to enhance their efficacy for anti-cancer applications.®® In addition to
sonophoresis, ultrasound is also utilized for tissue ablation therapy of the treatment of solid
tumors and uterine fibroids.®” Ultrasound-responsive materials are also gaining wide
interest for several drug delivery applications. Ultrasound-triggerable hydrogels are
utilized for the controlled and localized delivery of small molecule drugs,®®
nanomaterials®® and biomacromolecules.”® Ultrasound acts as an exogenous, on-off trigger
whereby the drug is only released in the presence of ultrasound. Figure 1.5 shows an
alginate hydrogel ionically crosslinked with Ca?" ions that is transiently disrupted by
ultrasound, as seen in Figure 1.5 (b), (¢) and (d).®® This temporary disruption results in an
on-off switch that leads to drug release only when the ultrasound is turned on, which is
evidenced in Figure 1.5 (e) and (f) Lastly, sonodynamic therapy, the application of
ultrasound in combination with sonosensitizers for on-demand generation of ROS species,

is gaining interest for the treatment of both bacterial infections’! and cancer.”?
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Figure 1.5. (a) Calcium-crosslinked alginate hydrogels are transiently disrupted by
ultrasound, leading to release of encapsulated cargo. SEM micrographs and macroscopic
images showing the morphology of the gels (b) before, (c) during and (d) after ultrasound
treatment. As seen in (d) the disruption is reversible and the structure is preserved post
ultrasound treatment. (¢) Change in loading of small molecule dye (mitoxantrone) in the
gel due to diffusion and ultrasound treatment show that significantly more dye is released
by ultrasound. (f) Release profile of SDF-1¢ from the gels that were treated for 10 min once
every 2 h. Reproduced with permission.®® Copyright 2014, Proceedings of the National
Academy of Sciences.

1.4. Conclusions

This chapter summarized the salient features of polymeric biomaterials and their
numerous potential applications. Biomaterials are functional materials utilized for the
diagnosis and treatment of diseases and therefore must possess the following properties —
non-toxicity, biocompatibility, and sterilizability. In this regard, polymers (both natural and
synthetic) are excellent candidates for the fabrication of biomaterials. Natural or

biopolymers naturally occur with a wide variety of functionalities while synthetic polymers
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are easily customizable and scalable to produce a wide range of structural and functional
materials on-demand. Natural and synthetic polymers are utilized either by themselves or
as composites containing other components to fabricate different materials, such as
coatings, foams, scaffolds, hydrogels, and nanomaterials, for innumerable applications
including antimicrobial and anti-cancer therapy, drug and biologics delivery, tissue
engineering, and medical devices and implants. Additionally, polymeric materials (both
natural and synthetic) are utilized in combination with endogenous or exogenous triggers
either to enhance their activity or to fabricate stimuli-responsive systems for tissue
engineering and drug delivery applications.

The subsequent chapters will focus on two different types of biomaterials — protein-
based materials and polymeric nanomaterials. Moreover, there is a special focus on
ultrasound-based therapies in combination with biomaterials. Proteins are a class of
biopolymers that naturally occur with a wide array of structural, chemical, and functional
properties. However, their mechanical and structural instability makes it challenging to
fabricate functional materials using proteins. Chapter 2 summarizes the different strategies
for fabrication of protein-based materials, including fluorous-curing a thermal treatment
strategy that utilizes a fluorous environment. Chapter 3, 4 and 5 then highlight different
applications of protein films fabricated by fluorous-curing using a variety of proteins
(bovine serum albumin, lysozyme, and collagen). Chapter 6 focuses on the development
of a methodology for studying ultrasound-based treatments in vitro using collagen-based
materials. Collagen films and collagen hydrogels were utilized to generate 2D and 3D
fibroblast cultures as in vitro models that protect against the adverse effects of ultrasound.

This enables more advances in the field of ultrasound-based therapies by providing a rapid
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platform for conducting in vitro studies. This in vitro model was utilized in Chapter 7 where

ultrasound treatment was applied in combination with polymeric nanomaterials for the

synergistic eradication of bacterial biofilms. Sonophoresis enhanced the penetration of

antimicrobial polymeric NPs into the biofilm enhancing its activity while minimizing

damage to healthy tissue.
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CHAPTER 2

STRATEGIES FOR FABRICATING PROTEIN FILMS FOR BIOMATERIAL
APPLICATIONS

Adapted with permission from “Gopalakrishnan, S.; Xu, J.; Zhong, F.; Rotello, V. M.

Strategies for Fabricating Protein Films for Biomaterial Applications. Adv. Sustain. Syst.
2021, 5 (1),2000167” Copyright (2021) Wiley.

2.1 Introduction

Proteins are sustainable, biocompatible and biodegradable building blocks for
designing materials.l, 2 Proteins naturally feature a variety of functionalities - for instance,
structural proteins like collagen are widely used in biomedical applications due to their
abundance in the extracellular matrix.3 Silk fibroin and soy protein isolate films have been
used as food packaging materials#, > as well as in the fabrication of medical devices,®, 7 due
to their ready availability, efficient processability, biodegradability and biocompatibility.8,
9 Furthermore, the process of isolating proteins and fabricating protein-based materials can
be conducted with limited use of organic solvents, as most proteins are water soluble.10, 11,
12 Therefore, protein are an attractive approach for designing sustainable materials for
biomedical applications.

Proteins are widely to generate materials including coatings,'® hydrogels,'* 3D
scaffolds'> and adhesives.!¢ However, the use of proteins in these materials is complicated
by their instability in aqueous media, which results in degradation and loss of structure in
materials.!”> '8 Therefore, current technologies have been focused on improving the
aqueous stability of protein-based materials, while maintaining desirable properties such

as biocompatibility, biodegradability, and native functionality.
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This chapter focuses on strategies for generating protein films and protein-based
coatings, as they are one of the most widely synthesized protein-based material. Currently,
three main strategies have been employed, as illustrated in Figure 2.1 — 1. Naturally self-
assembling proteins such as silk fibroin self-assemble into water-stable films upon during;
19 2. Crosslinking of proteins through physical or chemical approaches;?% 21 and 3.
Thermal treatment of proteins to initiate reorganization of proteins, including recent
approaches that retain native structure and properties.??, 23 Additionally, post-
functionalization of the surface?* or incorporation of additives2> can be used to enhance
native properties of the film or impart new characteristics. Protein films are widely used as
food packaging materials,5 tissue engineering scaffolds,7 and coatings for specific
biomedical applications such as anti-fouling coatings, cytophilic coatings etc.22 Previous
reviews on this subject have focused on either biomedical applications of a particular
protein,?é, 27 or on the different types of protein films utilized for a particular application.?8,
29 This progress report serves as a guide to the common methods of protein film fabrication,

their application as biomaterials and potential limitations of these approaches.
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Figure 2.1. Schematic depiction of strategies of fabrication of protein films and examples
of biomaterial applications. Stable protein films can be fabricated through self-assembly of
proteins, physical or chemical crosslinking, and thermal treatment. Applications of protein
films include tissue engineering scaffolds, drug eluting coatings and antimicrobial surfaces.
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2.2. Strategies for fabrication of protein films

2.2.1. Structural proteins for self-assembled films

Structural proteins with highly repetitive amino acid sequences such as silk,
collagen, keratin, elastin etc. naturally self-assemble into water-stable protein films upon
processing through the methods described in Section I1I of Figure 2.2.19:30.31 Protein films
can be efficiently fabricated using these naturally self-assembling proteins to form robust,
biocompatible and biodegradable coatings. For instance, silk fibroin protein has been used
to fabricate protein films for biomedical applications due to the biocompatibility, slow
degradation, and robust mechanical properties of the resulting films.32 33-34.35 Silk fibroin
self-assembles into f-sheets that result in water-stable films. Film properties such as

mechanical strength and biodegradability can be enhanced by controlling pf-sheet
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percentage through different strategies such water annealing, methanol annealing and
drying speed.36- 37 Figure 2.2 summarizes different strategies for the preparation of silk
protein solution, processing methods for film formation, and strategies for the manipulation
of film properties.

Collagen is a naturally self-assembling protein abundant in the extracellular
matrix.? It supports cell attachment, migration, and proliferation. It consists of three parallel
polypeptide-a chains in a right-handed triple-helical structure that self-associates to form
highly ordered cross-linked fibrils. 38 The triple helix structure of collagen and its fibrous
structure make collagen films and coatings insoluble in water. For this reason, it is widely
used in biomedical applications such as tissue engineering scaffolds, wound healing
patches etc.3%- 40 Collagen is usually purified and can be dissolved in acid solutions to form

films*! or alternatively collagen fibers are directly used to prepare films.4?
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Figure 2.2. Schematic overview of the strategies of fabrication of silk films and coatings.
(I) summarizes strategies for preparation of silk solutions and (III) summarizes methods of
fabrication of silk films. (II) and (IV) summarize strategies for manipulation of film
properties either before (I) or after (IV) film formation. Reproduced with permission. !°
Copyright 2014, American Chemical Society.

Self-assembly is an excellent approach to utilize the natural ability of some proteins
to self-assemble through non-covalent crosslinking into water-stable films, without
manipulating their native protein primary structure. The resultant protein films retain most
of their native protein properties. However, there are a limited number of naturally
occurring structural proteins that exhibit this behavior. Therefore, various physical or
chemical treatments must be employed to obtain varied functionalities in these self-

assembled protein films, which may affect the native protein structure by causing
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denaturation, increase cytotoxicity of the film, or affect the functional properties of the

protein film.

2.2.2 Crosslinked protein films

Self-assembling structural proteins offer an efficient and additive-free approach for
fabricating protein films. However, there are a limited number of these proteins, and they
often need to be treated through chemical or physical treatment strategies to suit biomedical
applications. Consequently, crosslinkers offer an alternative approach to utilize a wider
array of proteins to generate water-stable films while also enhancing film properties.
Crosslinking is typically conducted through (1) physical strategies that utilize non-covalent
interactions between two proteins such as ionic interactions and hydrogen bonding, or (2)
chemical strategies that result in covalent bonding between proteins accomplished through
irradiation, sulfur vulcanization and chemical reagents. 20 2143, 44

Significant research has been conducted in the development of composite protein
films fabricated through physical crosslinking strategies, often with other proteins or
biopolymers. This approach allows for efficient manipulation of biophysical properties of
protein films such as strength, elasticity, roughness, degradability, and biocompatibility.
For instance, the physical properties of natively self-assembling silk fibroin films and
scaffolds were modulated through blending with biopolymers such as hyaluronic acid (HA)
using a freezing-annealing technique to induce self-assembly of stable SF/HA scaffolds.
Figure 2.3(a) demonstrates the freezing-annealing technique — SF chains for silk 1 form
crystal networks upon freezing at -80 °C, and upon annealing at 3-5 °C silk crystals trap

HA.* Increasing HA increases water solubility, indicating that SF crystals are unable to

effectively trap the high number of HA chains (Figure 2.3(b)). Surface morphologies
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observed through SEM imaging (Figures 2.3(c) — (f)) show interconnected microporous
morphologies with a typical irregular fusiform shape. Increased HA content did not change
the morphology significantly, though the average pore size gradually decreased. HA, being

a component of the extracellular matrix, enhances cell growth in the composite protein

films, while SF provides mechanical stability. 46
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n
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Figure 2.3. (a) Schematic depiction of freezing-annealing technique for the crosslinking
of silk-fibroin (SF) and hyaluronic acid (HA) fibers (b) % Water solubility with respect to
increase in % HA ratio. (c)-(f) Surface morphology of SF/HA scaffolds with varying wt%

of HA obtained through SEM imaging. Scale bars are 500 pm. Adapted with permission.*!
Copyright 2020, Elsevier.

Chemical crosslinking is another strategy to fabricate water-stable protein films.
Utilizing chemical crosslinkers allows for precise manipulation of film properties such as
mechanical strength, flexibility and rate of degradation. Aldehydes with moderate
reactivity such as glutaraldehyde and formaldehyde have been widely utilized as
crosslinkers for protein films used in food packaging applications to improve their
mechanical properties.*’- 434 However, the use of small molecule aldehydes in biomedical
applications is limited due to their high cytotoxicity and environmental hazards.[>"
Consequently, biopolymer-based dialdehydes have been developed as non-toxic and

biocompatible crosslinkers for protein films. Alginate dialdehyde (AD), synthesized
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through peroxidate oxidation of sodium alginate, has been used for crosslinking of casein
(CAS), a milk protein, as shown in Figure 2.4(a).’! Alginate is a non-toxic and
biocompatible polysaccharide biopolymer widely used in wound dressing materials.>?
These dialdehyde alginates crosslinked casein (AD-X-CAS), a protein with an overall
negative charge due to the presence of COO™ groups. These films are frequently used for
loading and controlled release of cationic drugs such as gentamicin sulfate (GS), an
antibiotic. Figure 2.4(b) and 4(c) shows the surface morphology of AD-X-CAS films and
GS-loaded AD-X-CAS films, where GS crystals are clearly observed in the latter.
Antimicrobial activity of GS-loaded AD-X-CAS was observed through a disk diffusion
assay (Figure 2.4(d)) where diffusion of GS inhibited growth of E. coli. Similarly, soy
protein isolate films have also been generated using dialdehyde carboxymethyl cellulose
as a crosslinker, to fabricate water-stable SPI films with significantly improved tensile

strength and thermal stability. >3
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Figure 2.4. (a) Synthesis scheme for fabrication of AD-X-CAS (dialdehyde sodium
alginate crosslinked Casein). Schematic representation and SEM image of (b) AD-X-CAS
and (c) GS-loaded AD-X-CAS. (d) Disk diffusion assay depicting antimicrobial activity of
GS-loaded AD-X-CAS against E. coli. Diffusion of GS inhibits bacterial growth around
loaded AD-X-CAS as compared to control. Scale bars are 50 um. Adapted with
permission.*” Copyright 2016, Informa UK Limited, trading as Taylor and Francis Group.

Enzymatic chemical crosslinking is another natural, non-toxic strategy for
fabrication of protein films. Enzymes that characterize covalent bond formation between
amino acid residues (e.g. sulthydryl oxidases that catalyze formation of disulfide bonds,
peroxidases that catalyze formation of radicals, and transglutaminase (TGase) that
catalyzes acyl-transfer reactions between protein residues) are ideal enzymes for this
strategy.>* For instance, TGase has been utilized for the crosslinking of collagen fibers by
catalyzing intra- and interchain bonds between lysine and glutamine residues.”® TGase

crosslinking when combined with thermal treatment notably improved crosslinking

efficiency, stabilized film thickness, and improved mechanical and thermal stability.

55



Covalent crosslinking strategies are applicable to a number of proteins, and
therefore offer a versatile approach for fabricating protein films. However, a concern with
crosslinking strategies is increased cytotoxicity either from the crosslinkers themselves or
from the resultant by-products. While this chapter highlights some progress in the
development of non-toxic and biodegradable crosslinking strategies, further research on

the scalability of these approaches is desired.

2.2.3 Thermal treatment strategies

Thermal treatment of protein films is a promising additive-free strategy to generate
water stable films. High temperatures utilized in thermal treatment cause reorganization of
native proteins resulting in physical crosslinking, thereby generating water-stable films.>¢
Heat-cured films have been generated using plant-isolated proteins such as canola,”’ soy,>®
vicilin,>® and whey protein.®® Several reports also indicate that heat-curing improved the
mechanical stability in addition to water stability.5!: 6% 6364 Furthermore, aging treatments
that control both the relative humidity and temperature during treatment have been used to
modulate mechanical properties such as tensile strength of collagen films.%

One of the main limitations of thermal treatment is the loss of protein structure due
to heat-induced denaturation. Loss of protein structure often results in loss of protein
properties (e.g. surface charge, hydrophilicity), thereby limiting the applicability of films
in functional materials. A recently developed thermal treatment strategy using Nanoimprint
lithography (NIL) preserves the structure and surface functionality of native proteins while
generating water-stable films. ¢ As depicted in Figure 2.5(a), a fluorosilane coated silicon
mold was used to apply pressure during heat curing of spin-casted protein films. Treatment

at 180 °C at 3 MPa results in stable, hydrophilic protein films (Figure 2.5(b). Circular
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dichroism (CD) spectra (Figure 2.5(c)) revealed that most of the secondary structure was
retained, while Kelvin Probe Force Microscopy (KPFM) demonstrated retention of the
protein native charge in the film. Positive, negative and neutral films were generated using
bovine serum albumin (BSA; pI =4.8), hemoglobin (Hemo; pI = 6.8), and lysozyme (Lyso;
pl = 11). Charged protein films were utilized to dictate cell adhesion on the substrate. As
seen in Figure 2.5(d) anionic and neutral protein films generated using BSA and Hemo
result in cytophobic films that prevent cell adhesion, while cationic Lyso results in
cytophilic films that enhance cell adhesion. NIL also facilitated fabrication of patterned

protein films that dictated cell alignment.
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Figure 2.5. (a) Schematic depiction of the NIL treatment of protein films using flat or
patterned mold. (b) Heat map depicting the correlation between treatment conditions and
stability of the films. Treatment at 180 °C and 3 MPa resulted in stable BSA, Hemo and
Lyso films. (c) CD spectra of 1. Spin-coated protein films 2. NIL films and 3. Protein
solution (0.1 mg/ml in 5 mM PB) depicting that treated protein films retained most of their
secondary structure. (d) Cell adhesion on BSA, Hemo and Lyso films treated at 180 °C.
BSA and Hemo show minimal cell adhesion while Lyso shows enhanced cell adhesion.
Scale bars are 100 pum. Adapted with permission.®?> Copyright 2015, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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While NIL successfully translates native protein properties such as charge into the
protein films, one major limitation of this approach is its restriction to 2D substrates.
Experiments revealed that the pressure applied during NIL was not the factor that
minimized denaturation, as protein films generated in a pressure chamber show significant
denaturation.?? It was hypothesized that the fluorous environment provided by the fluoro-
silane mold minimized protein rearrangement at the interface due to the fluorous effect -
the tendency of fluorous molecules to stay together and segregate from both hydrophobic
and hydrophilic molecules.®’” Proteins in the fluorous environment consequently have
minimal interaction with the fluorous environment and do not denature to expose their
hydrophobic pockets at the interface, thereby preserving the protein structure. Fluorous
effect has been previously utilized for thermal stabilization proteins through incorporation
of fluorinated amino acids in the hydrophobic pocket of proteins.6® Consequently,
fluorous-cured protein films were generated by heating protein film in a fluorous solvent
PFHP (perfluoroperhydrophenanthrene), as shown in Figure 2.6(a).?? This resulted in
water-stable protein films that are hydrophilic as compared to heat-cured (HC) protein
films both treated at 180 °C for 15 min, as shown in Figure 2.6(b). PFHP-treated films
retain most of their secondary structure as determined by CD spectra (Figure 2.6(c)). They
also retain their surface charge, as evidenced by KPFM measurements of the surface
potential shown in Figure 2.6(d), where the potential difference between HC-BSA and
HC-Lyso films is significantly lesser than PFHP-BSA and PFHP-Lyso. This indicates that
distinct surface charges of BSA (-) and Lyso (+) is retained during PFHP treatment.
Furthermore, this strategy was successfully utilized to generate conformal protein coatings

on 3D substrates, as seen in Figure 2.6(e) by brilliant blue staining and SEM images of
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protein coatings on dental screws — a model medical implant. As shown in Figure 2.6(f),
negatively charged BSA protein was used to fabricate anti-fouling protein coatings on

medical implants, using this strategy.
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Figure 2.6. (a) Schematic depiction of fluorous treatment using PFHP, showing minimal
rearrangement at interface of PFHP as compared to air. (b) Water contact angle
measurement through static sessile drop method indicating PFHP treatment results in
hydrophilic films as compared to heat-cured films. (c) CD spectra of PFHP treated films
(green), heat-cured films (red) and BSA solution (black) shows minimal denaturation of
protein due to thermal treatment in the case of PFHP as compared to traditional heat-curing.
(d) Surface potential measured by KPFM (Kelvin Probe Force Microscopy) indicating
significant potential difference between PFHP-treated BSA (-) and Lyso (+) as compared
to heat-cured films. This suggests that PFHP-treated proteins retain their native charges.
(e) Bare and BSA coated dental screws stained with Brilliant Blue protein stain. Coated
screw shows uniformly dispersed blue color indicative of conformal coating. (f) Conformal
coating of BSA on dental screw verified using SEM. BSA forms smooth, uniform coating
on the screw. (g) Anti-fouling activity of BSA coating demonstrated through challenge of
E. coli ds Red biofilm. No bacteria adhered to BSA coated screw while the bare screw has
been completely contaminated. Adapted with permission.?? Copyright 2018, The Royal
Society of Chemistry.
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Thermal treatment offers additive-free approaches for fabricating water-stable
protein films. However, the high temperatures utilized in most thermal treatment strategies
can cause uncontrolled protein denaturation and consequently loss of protein
functionality/properties. These losses may be minimized by utilizing the NIL strategy
summarized above however, the application of NIL is limited to flat, two-dimensional
substrates. Fluorous-curing offers an alternative approach to the NIL-treated protein films
by demonstrating similar robustness to the NIL approach. However, this PFHP-based
thermal treatment approach is recent and its generalizability to different types of proteins

remains untested.

2.2.4 Modification through surface functionalization or incorporation of additives
Modification strategies, either through surface functionalization or incorporation of
additives into protein films, offer new areas of film application by endowing them with
unique properties. Surface modifications are often conducted to increase either the
hydrophilicity or hydrophobicity of protein films, impart specific chemical functionality to
the film surface, or enhance biological properties such as cell adhesion. For instance,
mussel-inspired dopamine chemistry has been utilized for the surface modification of silk
fibroin used to fortify soy-protein adhesives.?* Silk fibroin films have also been treated with
ethanol to induce conformational and morphological modifications in the SF fibers, thereby
increasing crystallinity, mechanical strength and water stability.®® Superhydrophobic and
self-cleaning films have also been developed by creating hierarchical micro-/nano-
structures on soy protein film surfaces with hydrophobic nanoparticles.”® 7! Adjusting the
precursor concentration and crystal growth time constructed hierarchical micro-/nano-

crystals on the soy protein film surface forming a biomimetic film with potential
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application as water harvesting materials. Gao et al. developed a strategy for grafting
different functional groups on lysozyme protein films to impart different properties to the
films.”? Figure 2.7(a) illustrates superhydrophobic and superhydrophilic modifications on
phase-transitioned lysozyme (PTL) films. Superhydrophobic coatings were generated
through covalent attachment of perfluorooctanyl chloride on the surface, while
superhydrophilic films were generated through the grafting of hydrophilic polymer
POEGMA. (Figures 2.7(b) and (c¢)). Thermal stability of the superhydrophobic PTL films
was evaluated by subjecting modified films to 200 °C and -196 °C, followed by recording
SEM images of the surface morphology and the contact angle. As seen in Figures 2.7(d)
and (e), no changes due to heating or cooling were observed. Mechanical stability was
evaluated through the scotch tape test, shown in Figure 2.7(f). No peeling or significant
change in contact angle was observed. PTL films have also been utilized to fabricate
conformal and transparent coatings on different types of substrates as well as free-floating
films with large areas.” This strategy of self-assembled phase transitioned proteins to
generate amyloid-like aggregates is generalizable to other proteins such as BSA,’# and has
also been utilized to incorporate functional peptides on the protein film surface.”> Wang et
al. have utilized this approach to fabricate amelogenin mimics for controlling enamel

remineralization by incorporating amelogenin into PTL films.”
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Figure 2.7. (a) Schematic depiction of the surface modification strategies to prepare A.
superhydrophobic films, B. Hydrophobic films and C. superhydrophilic films. Contact
angle measurements of (b) superhydrophilic film and (c) superhydrophobic film. Thermal
stability observed through SEM images and contact angle measurements (inset) at (d) high
temperature of 200 °C and (e) low temperature of -196 °C. No significant change due to
temperature was observed. (f) Mechanical stability evaluated through scotch-tape test. No
significant changes were observed. Adapted with permission.” Copyright 2015, WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim.

Incorporation of additives is another common approach to impart specific useful
properties to protein films. Carbon nanotubes (CNTs) have been incorporated into different
types of protein films to impart mechanical and electric properties to protein films.
CNT/silk-elastin-like protein composites showed enhanced mechanical and piezoelectric
properties, where mechanical deformation of film correlated with electrical conductivity;”®
Collagen-CNT composites enhanced stability and electrical conductivity, imparted

electromagnetic shielding membrane;””> ”® Hemoglobin-collagen-CNT composites have
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also been employed to fabricate a hydrogen peroxide biosensor.”” Multifunctional films
have been made using lysozyme and polyphosphate-based composites. Lysozyme, an
antimicrobial enzyme, imparts antimicrobial activity to the film as well as an overall
positive charge that enhances cell adhesion, while polyphosphate improves propensity for
osteoblast proliferation and bone formation. These composite films provided titanium
implant coatings to enhance bone-regenerative properties while preventing infections.®°
Modification strategies offer efficient and robust methods to obtain protein films
with a variety of functionalities. Surface modifications enable the fabrication of
multifunctional films, while utilizing additives help overcome inherent limitations of
native protein films such as rigidity, mechanical instability etc. A major limitation of both
approaches is the cytotoxicity arising from the reagents utilized for modifications or the
resultant by-products. Furthermore, often organic solvents must be utilized for some

modification strategies, which may result in protein denaturation and loss of function.

2.3. Applications of protein coatings

Protein films are already widely used in biomedical and food packaging
applications. Broadly, the applications of protein films may be categorized into the
following - tissue engineering and wound-repair scaffolds, antimicrobial coatings, sensing
and diagnostic devices, and food-packaging applications.

Tissue-engineering scaffolds must provide a cytophilic surface to enhance cell
adhesion, provide support to the cells by mimicking stiffness of natural tissue and degrade
at a rate proportional to cell growth.8! For this reason, materials chosen for fabricating
tissue engineering and wound-repair scaffolds must be biocompatible, have modulable

mechanical properties and show enzymatic stability. Silk fibroin films are often employed
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as scaffolds for tissue engineering, 82 wound repair coatings,®* and bioelectronic devices
such as electrodes.® 8 Collagen is another protein that is extensively applied to tissue
engineering and wound-healing scaffolds, as it is the dominant protein in the extracellular
matrix.% Various crosslinking, thermal treatment and additive-based strategies have been
utilized to enhance the mechanical and enzymatic stability of collagen films.

Another avenue for the application of protein films is as antimicrobial coatings.
Antimicrobial coatings prevent the bacterial contamination of medical devices and
consequent infections. Antimicrobial protein coatings are designed by three main strategies
— anti-fouling coatings that prevent bacteria adhesion on the surface; contact-killing
wherein antimicrobial agent incorporated within protein film kills bacteria adhered to the
surface; controlled-release systems wherein the protein film acts as a scaffold to load and
release antimicrobial agents. Properties of the native proteins have been translated into the

22, 66 and antimicrobial (contact-killing) coatings.”

protein film to design anti-fouling
Grafting of antimicrobial or anti-fouling polymers onto the surface is another approach to
design contact killing systems.3¢ Controlled-release coatings have also be prepared through

51,88

the incorporation of antimicrobial agents such as chlorine,®” antibiotics and

phytochemicals* *°

within the protein film.

Protein films are potential candidates for sensing and diagnostic tools owing to their
varied functionalities. Smart, responsive films that respond to external stimuli have been
fabricated using gelatin.[?0! Silk fibroin films have been used for immunosensing
applications through the incorporation of antibodies within the protein film.°? Additionally,

silk fibroin films have also been used to fabrication of flexible and wearable electronic

skins for monitoring human physiological responses.’? 93 Recently, wearable electronic
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devices have been developed using protein nanowire films for humidity sensing.*
Composite materials of amyloid aggregates and graphene have exhibited shape memory
and enzyme sensing properties.?>

Additionally, protein coatings have been widely used in food packaging
applications. Gelatin coatings are commonly used to enhance the shelf-life of vegetables;”¢
gelatin,”” whey?® and soy® protein isolate films are used in meat packaging, while zein!'%

and wheat!?! protein films have been used in the packaging of dairy products.

2.4. Conclusions and Perspectives

This chapter discusses strategies for the fabrication of stable protein films, and the
application of these biomaterials. Proteins are naturally occurring functional building
blocks that are water-processible, making them ideal for designing sustainable and
biodegradable materials. Furthermore, the choice of protein can be used to dictate
properties such as biocompatibility, cytophilicity, anti-fouling and antimicrobial behavior,
all of which are especially attractive for biomedical applications. Protein film stabilization
strategies predominantly use one of the three different strategies discussed in this review —
(1) using self-assembling structural proteins (2) using chemical or physical crosslinking
strategies and (3) using thermal treatment strategies. Additionally, strategies employing
post-functional modifications and additives to enhance properties of protein films are
frequently utilized in combination with the above approaches.

Protein films have long been used in applications such as edible coatings for food
packaging,192 surface patterning strategies,'°3 biodegradable coatings'®* and plastic
alternatives,%> and tissue engineering scaffolds.19¢ More recently, fabrication strategies

have been developed that greatly expand the range of properties accessible with these
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materials. Protein properties have been translated into films to fabricate anti-fouling and

22, 66, 80, 85

bactericidal coatings, and cargo-loaded protein films have been fabricated and

applied as biodegradable antimicrobial coatings.* °!: 87 88. 89

Moving forward, the development of scalable and cost-effective fabrication
strategies will allow for the translation of more sophisticated protein-based materials into
commercial applications. Development of 2D and 3D patterning strategies will enable
complex designs that will facilitate the creation of tissue engineering scaffolds that mimic
native tissue properties. Furthermore, the ability to harness native protein properties such
as stimuli-responsiveness (enzymes) and binding specificity (receptors) will provide new

responsive materials. These active materials will open up numerous applications including

bio-sensing, point-of-care diagnostics, and controlled/triggered release systems.
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CHAPTER 3

PROTEIN-BASED FILMS AS ANTI-FOULING AND DRUG ELUTING
ANTIMICROBIAL COATINGS FOR MEDICAL IMPLANTS

Adapted with permission from “Wang, L.-S.;" Gopalakrishnan, S.; " Luther, D. C.; Rotello,
V. M. Protein-Based Films as Antifouling and Drug-Eluting Antimicrobial Coatings for

Medical Implants. ACS Appl. Mater. Interfaces 2021, 13 (40), 48301-48307” Copyright
(2021) American Chemical Society.

3.1 Introduction

Infections caused by bacterial contamination of medical devices such as stainless-
steel IV poles and implants pose a serious healthcare problem.1? Nosocomial infections
are caused by bacterial contamination of the surfaces of medical devices and equipment,
usually occurring in healthcare settings.34 In 2011, more than 700,000 nosocomial
infections occurred in the United States, resulting in nearly 75,000 deaths.> Antimicrobial

surfaces have shown promise in the prevention of nosocomial infections.®

Antimicrobial coatings are used to prevent bacterial contamination on a wide range
of surfaces,”89:10-11 including medical devices!?13 and implants.141516 The general design
is based on two main strategies: preventing the adherence of bacteria on the surface,!” and
elimination of bacteria through release of antimicrobial agents.!® Anti-fouling activity is
achieved by tuning the chemical and morphological characteristics of a surface to prevent
adhesion or eliminate bacteria upon contact.!® Antibacterial activity is often imparted with
coatings containing antibacterial agents, such as nanoparticles,?® halogens,?! and
antibiotics.?? The localized burst release of antimicrobials can efficiently reduce bacteria
colonization on biomaterial surfaces as well as the possible risk of bacteria gaining

resistance and tolerance to the antimicrobial agents.
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Antimicrobials coatings must ensure sufficient loadability and localized burst
release of antimicrobials to efficiently mitigate bacterial infections and minimize the risk
of bacterial drug resistance. 23- 2¢ At the same time, the biocompatibility and
bioresorbability of coating materials is crucial to minimize immune reactions and
cytotoxicity, especially for implants and catheters that are in direct contact with tissue.>
Therefore, many efforts have focused on improving the biocompatibility of these coatings,
while ensuring high drug loadability.2® Proteins are excellent candidates for fabricating
functional biomaterials such as antimicrobial coatings, due to their inherent
biocompatibility, biodegradability and functional diversity.2’-28-29 However, most of the
protein film fabrication strategies utilize cross-linkers to ensure aqueous stability, thereby
adversely affecting their biocompatibility, degradability, and protein structure and
function.3% 31 Alternatively, structural proteins that self-assemble into water-stable films
such as silk, collagen etc. may be utilized. However, this limits the choice of proteins
available and modification strategies must be employed to incorporate functionalities.32-33
Recent studies have demonstrated fabrication of protein films through amyloid-like protein
aggregation arising from rapid reduction of intramolecular disulfide bonds. This is a non-

toxic and versatile strategy that has been utilized for antimicrobial applications.34 3>

Previously, we developed an additive-free methodology for fabricating protein
films,3¢ by heating films in a fluorous environment (using perfluoroperhydrophenanthrene,
PFHP) to form water-stable films (fluorous-cured proteins, FCPs) with minimal protein
denaturation. Minimal denaturation of protein structure enabled the translation of native
protein properties to the film. We generated films that were hydrophilic and retained

surface properties such as charge and hydrophilicity.*% 3738 Furthermore, PFHP leaves no
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residue on the protein coating and is regarded as safe per FDA guidelines,3° providing an
additive-free, biocompatible strategy for fabrication of protein films. We report here the
fabrication of antimicrobial-loaded BSA-based protein coatings that serve as a reservoir
for controlled-release of antibiotics while simultaneously retaining their anti-fouling
properties, as depicted in Figure 3.1. The overall negative charge of the BSA protein film
was utilized to imbibe films with cationic cargo, demonstrated through loading of charged
fluorescent dyes. Furthermore, we demonstrate that release behavior is also dictated by
electrostatic interactions and salt concentration. Lastly, antimicrobial activity was imparted
by loading and release of a cationic antibiotic (colistin), providing surfaces featuring both
resistance to bacterial colonization and controlled release of antimicrobials. These surfaces

provide potential platforms for medical device and implant coatings.

Rhodamine 123 (R123)
& Colistin

\f
Socas
S

\ et

release e

Negatively charged Charge-specific
protein film loading

Figure 3.1. Protein nanofilms fabricated by FCP method retain their surface properties and
can be loaded with charged cargos via electrostatic interaction. Antimicrobial coatings are
fabricated by loading negatively charged BSA nanofilms with cationic antibiotics.
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3.2. Results and Discussion

3.2.1. Fabrication and Characterization of BSA Films

Our studies focused on bovine serum albumin (BSA) films generated as per our
previous studies as BSA (MW: 66.4 kDa, pl: 4.8) is inexpensive, readily available, and
generally considered bioinert. 4% 4! The negative surface charge inherent to BSA films
prevents bacterial adhesion, enabling the fabrication of anti-fouling coatings.** Coatings
were fabricated by spin-casting 20% w/w BSA aqueous solution on plasma-cleaned silicon
wafers. The spin-casted films were stabilized by immersing into a preheated fluorous media
- perfluoroperhydrophenanthrene (PFHP) for 15 min at 180 °C. After curing, water stable
BSA films were generated (Figure A.1). Films with different thickness were obtained by
changing the concentration of precursor protein solution (Figure 3.2(a)). Heat-cured BSA
films (treated in air at 180 °C) show significant loss of protein structure and surface
charge.*®* Moreover, this loss of charge surfaces is expected to reduce or entirely eliminate

electrostatic loading of cargo into the films.

Cargo loadability was demonstrated first using cationic rhodamine 123 (R123) dye.
Stabilized BSA films were incubated in 0.05 mM dye solution. The thickness of R123-
BSA films was measured before loading, after loading, during release in PBS and post-
treatment with protease (trypsin), as shown in Figure 3.2(b). The thickness of BSA films
remains constant during incubation in aqueous media for 7 days, indicating good water
stability. Moreover, protein films fully degrade within 24 hr in the presence of protease
(0.01M trypsin solution) indicating that stabilization process and the cargo-loading do not
affect biodegradability of BSA films. The loading capacity of BSA films was quantified

by measuring the fluorescent intensity of R123 released from completely degraded films
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(using trypsin), normalized by the surface area of substrates Figure 3.2(c). R123-BSA
films of different thicknesses were incubated in 1 mL of 0.01% trypsin for 24 hours and
the fluorescence intensity of the supernatant was measured. The amount of R123 was
determined by a calibration curve generated by measuring fluorescence intensity of
different concentrations of R123 (Figure A.2). R123 loading increased proportionally to
the film thickness, indicating that R123 successfully penetrated into the BSA films and was
not simply adhered to the surface. The results indicated that BSA films can be utilized as a

reservoir for loading drugs.
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Figure 3.2. (a) Atomic force microscopic images and cross sections for scratched protein
films prepared by 5%, 10% and 20% w/w BSA solution. (b) Films stability measured by
the change of thickness (quantified using ellipsometry) after loading with dye, incubating

in PBS, and treating with protease. (c) Loading capacity of protein films with different
thickness (inset is the pictures of films taken under UV irradiation).
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3.2.1. Charge-mediated loading and controlled release of fluorescent dyes in BSA
films

The role of electrostatic interactions on cargo loading was studied using oppositely
charged dyes with similar size and hydrophobicity - anionic fluorescein (FL) and cationic
R123.43 BSA films were incubated in 0.05 mM solutions of both dyes for 1, 3, 6, and 24
hours. We observed that the charge of the molecule significantly affected their loading into
the film (Figure 3.3). Almost none of the FLL was loaded into the film, indicating that the
electrostatic interaction between payload and film is the dominant factor for cargo loading.
Further evidence for electrostatics driving incorporation was provided by cationic
lysozyme films (Figure A.3), where inverse behavior was observed. Moreover, R123
loading significantly reduced when the loading solution was mildly acidic (pH =4). As the
isoelectric point of BSA is pI = 4.8, BSA films are expected to be cationic at pH = 4,
thereby hindering loading of R123. As expected, the loading of R123 in BSA films at pH

4 decreased substantially when both the cargo and film have the same charge.
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Figure 3.3. Loading capacity of BSA films prepared by incubating with Rhodamine 123
(R123), fluorescein (FL), and R123 in pH 4.
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Release behavior of R123-loaded films was monitored by measuring the
fluorescence intensity of the supernatant at different time intervals. As Figure 3.4(a)
shows, burst release was observed within 1hr of incubation. As expected, low loading of
FL and R123 at pH = 4 resulted in low release. However, Figure A.3(a) indicates that
release rate is independent of type of dye loaded as well as pH of loading solution.
Following these experiments, the role of ionic strength of the solution on release rate was
investigated by varying the salt concentration. We hypothesized that the release behavior
of R123 from BSA films will be affected by the salt concentration of the environment due
to the change of electrostatic interactions between films and cargos. In low salt conditions
(5 mM NaCl), stronger binding between R123 and BSA films led to slow release (Figure
3.4(b)). while high salt concentrations (150 mM NaCl) led to weaker the interaction

became weaker and lead to an increased release, as seen in Figure 3.4(b).
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Figure 3.4. (a) Release patterns of dye-loaded BSA films prepared by incubating with
R123 and FL. (b) Cumulative release of R123 from BSA films in buffers prepared using
different sodium chloride concentrations. Release rates were calculated as 170.8

%release/hr at 150 mM salt concentration, 134.8 %release/hr at 50 mM salt concentration
and 49.5 %release/hr at 5 mM salt concentration.

3.2.1. Evaluating the antibacterial efficacy of colistin-loaded BSA Films

The electrostatically regulated interaction of fluorous-cured protein films and cargo
was next utilized to develop antifouling drug-eluting coatings for localized burst-release of
cationic drugs. We hypothesized that incorporation of a cationic antibiotic into BSA-coated
surgical screws would impart active protection from infections through increased

antimicrobial activity in the vicinity of the implant, supplementing the passive protection
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provided by the anti-fouling behavior of the protein film.* We chose colistin as a the
antimicrobial due to its polycationic nature and broad-spectrum activity especially against
drug-resistant strains.** Colistin was loaded into BSA films in a similar manner to R123
loading — films of thickness 85, 180, and 450 nm, generated by varying the concentration
of BSA solution during spin coating, were first stabilized in PFHP. Films were then
incubated in a 20 mg/ mL colistin solution overnight. The amount of colistin loaded was
quantified using LDI-MS, as seen in Figure 3.5(a) (calculation described in Table A.1).
A significant difference in loading was observed between 85 and 180 nm films but not
between 180 and 450 nm. This may be attributed to the larger size of the colistin molecule
as compared to R123 that would be expected to affect dye penetrability. Next, the
antimicrobial activity resulting from release of colistin was tested by the Kirby Bauer
Diffusion Assay. Colistin-loaded films of varying thicknesses were placed in a bed of P.
aeruginosa, prepared by seeding 10 pL of 108 cfu/mL of P. aeruginosa solution on an agar
plate. A clear inhibition zone (Figure 3.5(b)) was observed around the colistin-loaded
films as well as the colistin-loaded control paper disk due to release of colistin into the agar
in the vicinity of the substrate. This serves as a demonstration of localized release as high
antibiotic concentrations are observed in the vicinity of the substrate. The normalized
inhibition zone (calculations described in Figure A.5) was calculated by dividing the total
area of the inhibition zone by the area of the BSA film (silicon chips), as shown in Figure
3.5(¢). As expected, no inhibition zone was observed in the case of the negative controls:

PBS-loaded disks and the BSA film without colistin.
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Figure 3.5. (a) Colistin loading in BSA films of varying thicknesses as measured by LDI-
MS. (b) Kirby Bauer Diffusion assay showing antimicrobial activity of colistin-loaded
films, compared with positive and negative controls. (c) Normalized inhibition zones of
Colistin-loaded BSA films calculated disk diffusion assay.
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The overall negative charge makes BSA ideal anti-fouling coatings for medical
devices and implants. We hypothesized that colistin-loaded BSA films would provide dual
protection from bacterial infections through passive resistance to bacterial fouling and
active antibacterial activity. Therefore, we utilized surgical screws as a model medical
implant to test both the anti-fouling and antimicrobial activity of colistin-loaded BSA
coated surgical screws. Figure 3.6(a) illustrates the procedure for fabricating colistin-
loaded BSA coatings on surgical screws. Plasma-treated clean surgical screws were coated
by dipping in a 20% w/v BSA solution, followed by PFHP stabilization. Following this,
screws were incubated a 20 mg/ mL colistin solution overnight. Red fluorescent protein
(RFP) expressing E. coli was incubated with coated screws for 24 hours to evaluate anti-
fouling behavior. Fluorescence microscopy images show a significant decrease in bacterial
adhesion on BSA films both with and without loaded colistin, as compared to uncoated

surgical screws (Figure 3.6 (b), (¢) and (d)).

The biocidal activity of colistin-loaded BSA coatings was quantified by Kirby-
Bauer diffusion assay. BSA coated screws with and without colistin were inserted into an
agar plate seeded with 10 pL. of 10® cfu/mL of P. aeruginosa solution. A clear inhibition
zone was observed around the colistin-loaded BSA coated screws, consistent with the
results observed in Figure 3.5. As expected, pure BSA coatings as well as uncoated screws
showed no antimicrobial activity (Figure 3.6(e)). Burst release of antibiotic is expected
within two hours, based on the release rates observed in Figure 3.4(a). This rapid release
is advantageous, as high concentrations of antibiotics can be released locally. High
concentrations minimize the likelihood of development of drug resistance, while localized

release is expected to minimize off-target effects. These results demonstrate that colistin-
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loaded BSA coatings are viable candidates for designing superior antibacterial coatings for

medical implants due to their anti-fouling property and localized antibiotic release.

Dip Film

. e Antibiotic
coating stabilization

loading

(c) BSA coated (d)Colistin-loaded BSA

250 pm 250 um 250 ym

Figure 3.6. (a) Schematic illustration of the fabrication of protein-coating on 3D surgical
screw. (b-d) Fluorescence microscopy images of (b) bare, (¢c) BSA-coated and (d) colistin-
loaded surgical screws incubated with red fluorescent protein (RFP) expressing E. coli for
24 hours. (e) Kirby-Bauer disc diffusion antibacterial activity assay for BSA-coated
SCrews.

3.3. Conclusions

In summary, we developed a robust and efficient strategy for fabricating
antimicrobial coatings on medical devices using naturally abundant proteins. Fluorous-
curing preserves the electrostatic properties of protein precursors, which enabled the
fabrication of anionic BSA films that functioned as anti-fouling coatings. Further, the
electrostatic interaction between cargo and protein films was harnessed for selective

loading and release of oppositely charged cargos. Effective loading and localized release
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of cationic antibiotic imparted active protection against bacterial contamination by
enhancing antimicrobial activity in the vicinity of the implant. Taken together, fluorous-
cured antibiotic-loaded BSA coatings offer dual protection against bacterial contamination
of implants through the passive anti-fouling behavior of BSA and the active burst-release
of cationic antibiotic in the vicinity of the implant. The rate of drug release is expected to
be affected by the type of protein as well as the biological fluid that interacts with the
coated implant. Therefore, film surface charge and thickness may be modulated to control
rate of release. Utilizing proteins to formulate coatings enables fabrication of
biodegradable coatings in a sustainable manner. The choice of protein, in addition to
dictating anti-fouling behavior, also ensures biocompatibility. This approach is a
sustainable, biocompatible, and effective antimicrobial strategy for the prevention and

treatment of implant-related nosocomial infections.

3.4 Experimental Methods

Materials. Bovine serum albumin and lysozyme were purchased from Fisher
Scientific and used without further purification. Silica wafers were purchased from WRS
Materials. Perfluoroperhydrophenanthrene (PFHP), tetradecafluorohexane, fluorescein,
rhodamine 123, and colistin sulfate were purchased from Millipore Sigma. MilliQ water
was purified by using a Millipore water purification system. Titanium surgical screws
screw was purchased from Alpha Bio Tec.

Film preparation. 5-20% w/v of protein (BSA or Lyso) solutions were prepared
in MilliQ water and spin-coated at 3000 rpm for 25 seconds onto plasma-cleaned silicon

substrate to yield protein films. As prepared protein films were then incubated in pre-heated
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perfluoperhydrophenanthrene (PFHP) at 180 °C for 20 min, followed by washing with
tetradecafluorohexane and drying with N> gas.

Surgical screws were cleaned in oxygen plasma before dip-coating with 20% w/v
BSA solution. The screw was dried in a fume hood for 3 hours before heat-treating in PFHP
at 180 °C for 20 min. After washing with tetradecafluorohexane, the screws were dried
with nitrogen gas.

Dye and antibiotic loaded films. Protein coatings were incubated in either 0.05
mM fluorescein or rhodamine 123 solutions (in PBS) for 24 h followed by with milliQ
water. The procedure for antibiotic loading used 20 mg/mL of colistin sulfate solution in
PBS followed by the exact same procedure described above. For pH =4 loading, R123 was
dissolved in a pH 4 PBS buffer, adjusted using HCI.

Control release experiment. Dye-loaded protein films were incubated in 3 mL
PBS and the release was monitored by fluorescence signal of the supernatant at ex: 490nm,
em: 515nm for FL and ex: 500 nm, em: 525 nm for R123 using a plate reader.

Colistin release study. 5, 10 and 20% w/v BSA solutions were used to prepare
BSA films with different thicknesses as described above. Stabilized BSA films were then
incubated in 20 mg/ mL colistin solution for 24 hr to enable colistin loading. Colistin-
loaded BSA films were then incubated in 3 mL PBS for 15 hr to allow for the release of
loaded colistin. After 15 hr, the supernatant from each sample was collected, spiked with
500 pg/ mL of Vancomycin solution and analysed using LDI-MS. LDI-MS signal was
utilized to calculate the intensity ratio — intensity of colistin signal/ intensity of vancomycin
signal. Thereafter, the concentration of vancomycin was utilized to calculate the

concentration of colistin in the supernatant. Calculations are further elaborated in Table S1.
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Kirby-Bauer disc diffusion. P. aeruginosa were inoculated in 3 mL LB broth and

grown to stationary phase at 37°C. The cultures were harvested by centrifugation and

washed three times with 0.85% sodium chloride solution followed by resuspension in 2

mL PBS. The concentration of the washed bacteria solution was determined by measuring

the optical density at 600 nm. Seeding solution were prepared by diluting to 0.1 OD600

(108 colony forming units) in M9 minimal media. Agar gel plates were prepared by pouring

a sterile solution of 6g Agar and 10g LB in 400 mL of water onto sterile polystyrene petri
dishes. 10 puL of the seeding solution was spread onto the agar plates using a sterile glass

spreader. Colistin-loaded, BSA Coated as well as uncoated silicon chips were placed onto

the agar plate and incubated overnight at 37°C. A paper disc loaded with 1 mg/ mL was

utilized as a positive control. The inhibition zone is the area around antibiotic-loaded
substrates where no bacterial colonies were observed. The normalized inhibition zone was
calculated by dividing the area of inhibition by the area of the substrate (silicon/ paper) for
each case.

In the case of the surgical screws, agar plates were prepared and seeded with
bacteria using the same protocol. Following this colistin-loaded, BSA coated and bare
screws were screwed into the agar to observe colistin release.

Bacterial adhesion experiment. DsRed expressing E. coli were inoculated in 3

mL LB broth and grown to stationary phase at 37 °C. The cultures were then harvested and

washed as described above. Seeding solution were made by diluting to 0.1 ODg00 (108

colony forming units/ mL) in M9 minimal media supplemented with 1mM IPTG (isopropyl
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B-D-1-thiogalactopyranoside). 2 ml of this solution was poured onto the bare, BSA-coated
and Colistin-loaded screws and incubated for 24 hours in ambient condition to enable
bacteria adhesion. The screws were then gently washed 3 times with PBS before imaging
by a confocal microscope.

Microscopy. Bacteria were imaged by confocal scanning light microscopy
(CLSM). All analysis was performed using the A1SP: Nikon A1l Spectral Detector

Confocal.
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CHAPTER 4

HYPERSOUND-ASSISTED SIZE SORTING OF MICROPARTICLES ON
INKJET-PATTERNED PROTEIN FILMS

Reproduced with permission from “Gopalakrishnan, S.; Pan, S.; Fernandez, A.; Lee, J.;
Bai, Y.; Wang, L.-S.; Thayumanavan, S.; Duan, X.; Rotello, V. M. Hypersound-Assisted

Size Sorting of Microparticles on Inkjet-Patterned Protein Films. Langmuir 2021, 37 (8),
2826-2832” Copyright (2021) American Chemical Society.

4.1 Introduction

Hydrodynamic fluidic systems' have enabled rapid developments in numerous
applications in biomedical diagnostics,> 3 * 5 chemical synthesis and analysis,* ’-® and
electronics industries.” 1° Fluidic systems can be readily miniaturized, making them ideal
platforms for sensors and point-of-care diagnostic devices.!" Separation and sorting of
micron-sized particles is of key importance in areas that involve chemical or biological
analysis such as food and chemical processing,'> medical diagnostics,'* and environmental

assessment.'*

Fluidic systems that manipulate the translocation of analytes along surfaces is
important for useful sorting. The majority of current hydrodynamic approaches utilize
microfluidic systems including continuous fluidic systems'> and droplet systems for
chemical detection.!® However, limited control on flow manipulation'” and the need for
advanced fabrication strategies'® still remains a challenge in the application of these
systems. For instance, flow rate plays an important role in particle movement.!” However,
local manipulation of flow rate requires precise control of the inlet pressure, fluid
properties, and channel structure,” often needing complex fluid channel design. Surface

modification of the fluid channel is an alternate approach to improve the efficiency of these

99



devices,”! with translocation of particles guided by electrostatic interactions on surfaces
being broadly useful, 2> 23- 2* However, controlled translocation of microparticles is
challenging as drag force experienced by particles must be sufficient to overcome friction
and other non-specific interactions within the channel. One approach to overcoming this
drag is inertial microfluidics that utilize the curvature of fluidic channels for particle
manipulation.® However, this approach requires precise control on the complex channel
design. Another approach is active control of fluidic systems through application of
external optical,?® electromagnetic?’ or acoustic?® forces fields. These strategies have been
effectively utilized for applications such as enriching particle concentration at a designated
position,* and preventing bio-fouling of fluid channel.**-3' However, external fields can

alter the structure of soft analytes such as proteins and cause toxicity to cells.*?

We report here an acoustic streaming® approach for enabling the translocation of
particles along a protein-based surface.’* Acoustic streaming is features biocompatibility,
high efficiency and straightforward implementation. ** 3 A key feature of acoustic
streaming approaches is the use of a hypersonic resonator to locally manipulate the flow
motion. Hypersound-assisted acoustic streaming allows for localized three-dimensional
manipulation of the flow rate: the resonator triggers formation of micro-vortices of the fluid
upon immersion, thereby generating drag force on the object at the interface between

streaming flow and the solid surface.

We hypothesized that the curvature dependence of the drag force generated by the
resonator would allow for size-based sorting of analytes. Efficient size sorting using
acoustic streaming was demonstrated using carboxylate-functionalized anionic silica

microparticles* of varying sizes. These particles were sorted electrostatically using
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patterned and gradient surfaces generated from cationic lysozyme (Lyso) surfaces and
anionic bovine serum albumin (BSA) proteins. We demonstrate in this work that anionic
particle translocation to complementary cationic surfaces is dependent on the competition
between the drag force from acoustic streaming and non-specific/specific supramolecular
interactions between the particle and surface. Particle translocation is dependent on the
curvature-dependent drag force and electrostatic interactions with the surface, enabling

efficient size sorting.

BSA Lyso PFHP Silica Particles Formation of

oS coo” microvortices
', : %FF : §< ‘ 7 A
pl=48 pl =11 W/ \JJ
N/ A

N -

;
e
\ \ A Silica Particles placed Duration of treatment = 15 min

on specific location Hypersonic Treatment results in

Water-stable protein patterns translocation of particles

Glass Substrate post PFHP stabilization

Figure 4.1. Schematic depiction of fabrication of patterned protein films using inkjet
printing and controlled translocation of anionic particles to electrostatically
complementary lysozyme (Lyso) surfaces through hypersonic resonation. Anionic bovine
serum albumin (BSA) provides a repellent surface as a control.

4.2. Results and Discussion

4.2.1. Translocation of silica microparticles on inkjet-patterned protein substrate
Protein patterns (Figure 4.1) were generated by loading anionic BSA (pI =4.8) and
cationic Lyso, (pl = 11) into separate ink cartridges to print gradient and patterned protein

film on glass slides (See Figure B.1 for optical micrographs of protein pattern).* Protein-
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coated slides were then immersed in perfluoroperhydrophenanthrene (PFHP) at 180 °C for
20 min to stabilize the coatings with translation of protein charge to charged surface
coatings.** A fluidic channel was then fabricated using epoxy glue. The channel length is
governed by two key factors — 1) volume of liquid required for effective microvortex
formation and 2) size of inkjet-printed protein patterns. Previous reports3” suggest that
channel must be larger than the acoustic field of the hypersonic resonator (of the order of
100 um). However, larger channels enable effective detection of translocation of particles
along the protein patterns. The channels for this study were of the dimensions ~1x1x0.3
cm which allow for effective microvortex formation while providing sufficient area to

discern particle translocation.

For particle translocation studies 10 pL of 0.1 mg/mL carboxylate-functionalized
silica particle solution (procedure described in SI-2, 3 and 4) was placed at an uncoated
location on the substrate away from the protein pattern. After 15 min, the channel was
flooded with 500 uL of PBS and the hypersonic treatment was applied as shown in Figure
4.2(a). Images were taken at specific location on the patterned films before and after
treatment. As seen in Figure 4.2(b), most of the silica particles were present in the region
the droplet was placed before treatment. After hypersonic treatment, as expected the
anionic particles migrated to the cationic Lyso region. No change was observed on the BSA
region of the patterned film. This translocation indicates that the drag force generated by
acoustic streaming is able to overcome non-specific interactions of particles to both the

unmodified glass surface as well as the negatively charged BSA surface.
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Figure 4.2. (a) Schematic showing the anionic silica particles translocating particles to the cationic
lysozyme (Lyso) portion of patterned film. Silica droplet placed at an uncoated portion of the
substrate. (b) Micrographs of protein film before and after treatment show that particles are
predominantly present in the drop area before treatment. After treatment, most of the particles
migrate to Lyso. As expected, no significant change is observed on the anionic BSA portion of the
surface. Scale bar =200 pum.

4.2.2. Size-dependent translocation of silica microparticles on protein surfaces

We then investigated the size-dependence of the drag force exerted by the
hypersonic resonator and hence the ability to translocate particles. Previous studies indicate
that the drag force is directly proportional to the size of the analytes.** We hypothesized
that since the translocation of particles depends on the drag force, particles of different

sizes would have different velocities. Patterns ( Figure 4.3(a)) were utilized for this study.
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Carboxylate-functionalized silica microparticle solution of different sizes (3, 10, 20 ym,
0.1 mg/mL in PBS) were applied to a fixed location allowed to rest for 15 min. (Figures
S4 and S5 show charge characterization of particles respectively) The channel was then
flooded with PBS and hypersonic treatment was applied as before. Images were taken at
specific locations on the patterned films before and after treatment and the number of silica
particles were counted for each image. Figure 4.3(b) shows optical micrographs of the
patterned films before and after treatment. Silica particles that non-specifically adhered to
BSA before treatment were removed after hypersonic treatment in the case of larger 10 and
20 wm particles. However, in the case of 3 um particles, no change was observed post-
treatment. This result was further corroborated by quantifying change in particle ratio at
several location on the BSA and Lyso region, ( Figure 4.3(c)). It can be seen that the
number of particles on BSA decreased significantly in the case of 10 and 20 um particles
while no significant changes are observed in the case of 3 pum particles. Likewise, the
number of particles adhered to Lyso in the case of 10 and 20 um particles increase. These
results were further corroborated by testing 1, 7 and 50 wm sized particles, as shown in
Figure B.6. Translocation was observed in the case of 7 and 50 pum sized particles but not
in the case of 1 um sized particles. Taken together, these results are consistent with greater
force experienced by the larger particles being enough to overcome adhesive interactions
and allow the particles to translocate towards the positively charged Lyso film
Demonstrating that charge and size-dependent translocation can be utilized for the size-

based sorting of analytes.
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Figure 4.3. (a) Placement of anionic silica particles on protein pattern. (b) Micrographs of 3 pm,
10 um and 20 um silica particles adhered to BSA-Lyso pattern before and after treatment. Anionic
10 and 20 pum particles have been dislodged from BSA but not from electrostatically
complementary Lyso. No change observed in the case of 3 um particles (c¢) Quantification of
translocation of silica particles by the ratio of number of particles post-treatment to pre-treatment
for multiple images of different areas on the pattern. Particles on Lyso increase while those on BSA
decrease in the case of 10 and 20 um particles. No significant difference is detected in the case of
3 pm patterns. Scale bar = 200 um for 10 and 20 pum particle images. Scale bar = 40 um for 3 pm
particle images. ~8 images per sample were used for calculation.

4.2.3. Size-sorting of charged silica particles on patterned protein surfaces

Based on the results obtained in Figure 4.2 and 4.3, we proceeded to utilize the
hypersonic treatment for sorting silica microparticles with our ability to translocate
particles based on their size. Treatment was then applied to a specific location as shown in
Figure 4.4(a) and optical micrographs were obtained post treatment as shown in Figure
4.4(b). As anticipated, the 20 pum particles translocate from the drop area to Lyso while the
3 um particles remain stationery. No particles were present on the BSA region indicating
that the electrostatic interaction between Lyso and the silica particles is responsible for the
adhesion of the particles on the protein film. The number of particles of both sizes in each

region post-treatment was counted and sorting efficiency was calculated as shown in Table
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4.5S1. The sorting efficiency was calculated to be 92% for the 20 um particles and 95. %
for the 3 wm particles This serves as a further demonstration that our system may be

employed as a strategy for efficient and rapid sorting of micron-sized analytes.

a.
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Figure 4.4. (a) Schematic depiction of the experimental setup. Silica droplet is placed at an
uncoated portion of the substrate. b) Micrographs of protein film before and after treatment. Most
of the particles of both sizes are present in the drop area before treatment. Both BSA and Lyso
regions are clean. However, post treatment 20 um particles move towards Lyso while 3 um particles
remain stationery in the drop area. After treatment micrographs clearly show separated regions
containing both particles. Scale bar = 80 pum.
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4.2.4. Translocation of silica microparticles along patterned protein surface with
charge gradient

A key feature of our sorting strategy is the ability to locally control the motion of
particles through a combination of functionalized surfaces and the hypersonic treatment.
This synergy was further demonstrated by studying the ability of particles to translocate
along protein-based charged gradients. Inkjet printing was used to fabricate a charge
gradient going from negative (BSA) to positive (Lyso), as shown in Figure 4.5(a). After
stabilization and channel fabrication, 500 puL of 0.1 mg/mL silica microparticle solution in
PBS (synthesized according to protocol in 4.S1) was added into channel, and allowed to
sit for 15 min. As seen in Figure 4.5(b), silica particles adhere in a manner consistent with
the charged protein gradient. Hypersonic treatment was then applied for 15 min at 500
milliwatts (mW) with a constant back-and-forth motion, as shown in Figure 4.5(a). As
seen in Figure 4.5(c), the gradient becomes more pronounced post-treatment due to
movement of the silica particles non-specifically adhered to the BSA area of the film. This
sorting demonstrates that GHz acoustic streaming coupled with gradient films could be

utilized as a sorting strategy.
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Figure 4.5. (a) Schematic depiction of movement of particles along a charge gradient due to
hypersonic treatment. (b) Micrographs of gradient film before and after treatment show more
pronounced gradient after treatment. This indicates that particles non-specifically adhered to BSA
are dislodged by treatment. Scale bars = 200 pum.

4.3. Conclusions

This study presents a strategy for the translocation and sorting of analytes using a
hydrodynamic approach based on gigahertz acoustic streaming. These studies demonstrate
the ability of hypersound-based micro-vortices to overcome the limitations of laminar flow
in the translocation of particles along charged protein patterns. Moreover, the curvature-
dependence of the drag force enabled size-based particle manipulation. Taken together,
this hypersonic strategy provides a rapid and efficient method for sorting analytes on the
basis of size and charge, with potential applications in chemical and biomedical analysis,

point-of-care diagnostic systems and industrial microfluidic systems.
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4.4 Experimental Methods

4.4.1. Fabrication of patterned protein films

Inkjet-printing of protein patterns. Printing was done directly onto glass
coverslips cleaned through sonication in ethanol, isopropanol and then oxygen-plasma (at
300 mbar for 5 min). Protocol detailed in ref 36 was followed. 10% w/v solutions of BSA
(obtained from Fisher Scientific) and Lyso (obtained from Fisher Scientific) were prepared
using 20% v/v ethanol in milliQ water as the solvent. The ethanol (obtained from Fisher
Scientific) was added to maintain a favorable viscosity for inkjet printing as per the
protocol followed in ref 26. Protein solutions were then injected into empty ink cartridges
(obtained from Ink owl) through a 0.22 pm PTFE syringe filter compatible with the printer
Epson XP830. Syringe filters were used to remove any aggregates or undissolved protein
to prevent clogging of the ink head. Figure B.1 shows micrograph of printed pattern and

resolution of inkjet printing.

Following this, protein-loaded ink cartridges were placed into the printer and the
head cleaning protocol on the printer was run. Patterns were then generated on the print
CD application available through EPSON, using one or more of the three color channels —
Magenta, Cyan or yellow — based on the cartridges used for the protein solution. The ink
head was flushed after each use with a flushing solution of 70% milliQ water, 20% glycerol
and 10% hexanediol spiked with Rhodamine 123, to help with visualization, to remove any

debris as well as to prevent clogging of the ink head.

Stabilization of patterned protein films. Printed glass slips were then thermally

treated to stabilize the protein, according to protocol established in ref 34. Glass slips were
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immersed in perfluoroperhydrophenanthrene (PFHP; obtained from Sigma Aldrich)
maintained at 180 °C for 20 min. Following this glass slips were taken out, allowed to cool
and washed with perfluorohexane (obtained from Fisher Scientific) to remove excess PFHP
and then dried using a stream of nitrogen. Patterned glass slips were then adhered to glass
slides (obtained from Fisher Scientific) using an epoxy AB glue. The same epoxy was used
to fashion a channel to contain the water required for PFHP treatment. The dimensions of

the channel were ~ 1 x 1 x 0.3 cm. The epoxy was allowed to harden overnight before use.

4.4.2. Synthesis of silica microparticles.

Amine-functionalization of silica microparticle surface. 500 mg of 10 um, 15
pum and 20 pm SiO, particles (obtained from Alfa Aesar; Figure B.2 shows detailed
reaction scheme; Figure B.4 shows zeta potentials) were charged separately in 2 neck
round-bottom flasks. Protocol described in ref 36 was followed. 5 mL toluene was added
to the above and dispersed by sonication for 30 min. The dispersion was purged with Argon
for 10 minutes, followed by the addition of 1.75 mL (3 Aminopropyl) triethoxysilane
(APTES: obtained from Sigma Aldrich). The mixture was refluxed at 110 OC under inert
condition for 12 h. The mixture was then centrifuged at 4.4 rpm for 1 h, the precipitate
collected, re-dispersed into 25 mL dry toluene (obtained from Fisher Scientific), sonicated
for 20 min and centrifuged again at 4.4 rpm for 20 min. The precipitate was washed with
ethanol (obtained from Acros Organics) twice and the final product lyophilized. Figure
B.5 shows zeta potential post amine functionalization, indicating a change in surface

charge.
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Post-functionalization with carboxylate groups. 120 mg of SiO,- NH, was
dispersed in 6 mL tetrahydrofuran (THF: obtained from Fisher Scientific) and the
suspension sonicated for 30 minutes. 420 mg succinic anhydride (obtained from Acros
Organics) was added in 2 portions and stirred at O °C for 2 h, followed by stirring at room
temperature overnight. 10 mL distilled water was then added to quench unreacted succinic
anhydride, sonicated for 15 min and centrifuged at 4.4 rpm. for 1 h. The precipitate was
re-dispersed in THF and centrifuged again for 15 min at the same rpm. The precipitate was
collected, re-dispersed in water and centrifuged for 30 min and lyophilized. Figure B.5
shows zeta potential post-treatment indicating overall negative surface charge of all

particles.

4.4.3. Hypersonic Resonator treatment.

The fabrication process and working mechanism of the hypersonic resonator are
explained in our previous work ref 33.In general, a sandwich structure composed of a
piezoelectric material between two electrodes is utilized to stimulate gigahertz acoustics,
which is acoustically isolated from substrates by Bragg Reflector. A signal generator
(Agilent, N5181A) was introduced to generate an RF signal, which was then amplified by
a power amplifier (Mini-Circuits, ZHL-5 W-422), and applied to the resonator. The signal
generator was also utilized to control the power amplitude and mode of hypersonic
resonator. When the hypersonic resonator is immersed into liquid, it suffers from an
acoustic damping effect and the acoustic energy is radiated into the liquid, triggering
acoustic streaming. For our experiments, the device was immersed into the channel and
fixed at a 1.5 mm relative distance to the protein film. The resonator was triggered with

amplified RF signal at 1.65 GHz for 15 min.
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4.4.4. Optical microscopy measurements.

Bright-field optical microscopy images were obtained through Olympus IX51 at
4X, 10X and 20X as needed. For the graph shown in Figure 3(c), several images were
taken at pre-defined locations on the sample before and after treatment and the ratio
between number of particles after treatment to number of particles before treatment was
calculated to quantify the degree of reorganization. The number of particles were counted

using Image]J.
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CHAPTER 5

FABRICATION OF COLLAGEN FILMS WITH ENHANCED MECHANICAL
AND ENZYMATIC STABILITY THROUGH THERMAL TREATMENT IN
FLUOROUS MEDIA
Reproduced with permission from “Zhang, L.;" Gopalakrishnan, S.;" Li, K.; Wang, L.-S.;
Han, Y.; Rotello, V. M. Fabrication of Collagen Films with Enhanced Mechanical and

Enzymatic Stability through Thermal Treatment in Fluorous Media. ACS Appl. Mater.
Interfaces 2020, 12 (5), 6590—6597 Copyright (2020) American Chemical Society.

5.1 Introduction

Collagen I (Col-I) is the major component of the extracellular matrix in mammalian
tissue.! The unique triple helix structure provides multiple cell attachment sites and plays
an essential role in promoting cell behavior including adhesion, proliferation, migration,
and differentiation.> Col-I has been utilized as a biomaterial in several forms, such as
injectable hydrogels,® sponges,* nanofibers,’ hollow spheres, and films’. Col-I based
materials have been used in conjunction with biomaterial applications such as soft/ hard
tissue repair strategies,” tissue engineering scaffolds® and wound healing systems’.
Furthermore, as collagen is a naturally derived protein, it enables sustainable fabrication
of biomaterials.!

Collagen-based biomaterials often lack sufficient strength and stability and are
prone to both mechanical damage and rapid enzymatic digestion.* Several processes have
been used to enhance the mechanical properties of collagen matrix. For instance,
incorporating components such as graphene increases the stiffness of collagen-based
matrix.'% ' However, this incorporation can jeopardize both the cytophilic properties and
biocompatibility of the resulting materials. Crosslinking is a common way to modify

collagen to enhance strength as well as improve enzymatic stability. !> The usual methods
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of crosslinking are chemical and physical crosslinking.! Chemical cross-linkers (e.g.
glutaraldehyde, carbodiimide) can reduce cytocompatibility because either the linkers
themselves or the byproducts are cytotoxic.!? Using a physical method such as
dehydrothermal treatment or irradiation can avoid cytotoxicity from the added cross-
linking agent. Thermal treatment in particular has been shown to induce crosslinking and
tight packing of collagen fibers.!* .15 However, collagen tends to undergo uncontrolled
denaturation during such treatments, unfavorably affecting materials properties.'
Perfluorocarbons provide an inert, stable environment due to their immiscibility
with water as well as most organic solvents.!”- '8: 19 Furthermore, proteins in
perfluorocarbon solvents are not prone to denaturation like proteins in organic solvents.?
We have previously demonstrated our ability to stabilize protein films from aqueous
degradation through thermal treatment in a fluorous media
(perfluoroperhydrophenanthrene, PFHP). We also showed that the native secondary
structures and surface properties of the proteins are retained after treatment in PFHP.*!
Therefore, we hypothesized that the stability and mechanical properties of the Col-I matrix
could be improved by thermal treatment in PFHP, without compromising the protein
structure. We report here the use of fluorous thermal treatment to improve both the
mechanical and biostability of collagen films. In this study, the stability and mechanical
properties of Col-I were evaluated after thermal treatment in PFHP and compared to as-
prepared Col-I and Col-I heat-treated in air (Figure 5.1), with clear improvements in
mechanical properties and enzymatic stability observed with fluorous treatment.

Cytocompatibility was retained, as demonstrated through the incubation of fibroblast cells.
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Overall, thermal treatment in PHFP enhances both the stability and mechanical properties

of Col-I while retaining cytocompatibility and preventing significant denaturation.
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Figure 5.1. Schematic Representation of the fabrication strategy for stable collagen films. (a)
Spin-coating of Col-I solution on cleaned silicon substrates produces films with loosely packed
collagen fibers. (b) Low degree of denaturation of Col-I with fluorous heat treatment and (c) a high
degree of denaturation after heat treatment in air. (d) Schematic showing representative structure
of Col-I triple helix, PFHP and denatured col-I fibers.

5.2. Results and Discussion

5.2.1. Fabrication and characterization of collagen films

The post-treatment surface topographies of collagen coatings prepared on Si wafers
are shown in Figure 5.2. The SC (spin-coated) surface is smooth, with collagen covering
the surface homogeneously, forming a net-like structure with an average roughness (R,) of
0.48 nm (Figure 5.2(a)). Fluorous-cured (FC) or air-cured (AC) collagen films treated at
75, 135 and 180 °C showed no significant changes in roughness as compared to SC films

(Figures 5.2(b)-5.2(g)). We therefore concluded that thermal treatment does not
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significantly affect the nano-topography of the surface. The surface morphologies

observed by FESEM (Figure C.1) are also in accordance with the AFM results indicated

in Figure 5.2.

R, =0.480 nm R, =0.486 nm R, =0.439 nm

Figure 5.2. Surface-topographies of different coating surfaces imaged by AFM: (a) SC, (b)FC75
(c) FC135, (d)FC180, (e)ACT5, (f)AC135, (g)AC180. Scale bar is 1 ym. Height profiles indicate
surface roughness of each film. Roughness (R.) of each sample is reported under the image.
Thermal treatment does not significantly affect the nano-topography of the surface.

The thickness of different coatings as measured by ellipsometry are shown in
Figure 5.3(a). As the temperature is increased, the thickness of coating decreases,
indicating tighter packing of the collagen fibers due to thermal treatment Additionally,
there is no significant difference between FC films and AC films, which indicates that the
fluorous treatment does not significantly affect the temperature-induced reorganization of
the collagen fibers. The thickness of FC-180 obtained through the cross-sectional image
obtained by FESEM as seen in Figure 5.3(b), agrees with the ellipsometry measurements
in Figure 5.3(a) (see also Figure C.2). Thermal treatment of Col-I is known to induce

reaction between two or more collagen molecules via carboxylic acids and amines,
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inducing intermolecular crosslinking without inducing cytotoxicity."” Furthermore,
collagen chains shrink and pack tightly during thermal treatment.!>- !¢

Changes in the hydrophilicity of the collagen films due to thermal treatment was
assessed through water contact angle measurements. As shown in Figure 5.3(c), Fluorous-
cured films (FC75, FC135 and FC180) have increased contact angles as compared to the
spin-cast (SC) film (by ~30°) and air-cured films (AC75, AC135 and AC180). This change
in contact angle indicates that there is a difference in the reorganization behavior of
collagen fibers during both treatments. We hypothesized that PFHP treatment results in
tighter packing of collagen fibers than air curing, contributing to lower wettability and

therefore a greater increase in contact angles.
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Figure 5.3. (a) Thickness of different coatings as measured by ellipsometry. Thickness decreases
as temperature of treatment is increased, during both fluorous-curing as well as air-curing, due to
tighter packing of collagen fibers (b) cross-section image of FC180 is in agreement with thickness
measurements obtained through ellipsometry (c) Water contact angle measurement on treated and
SC films using the static sessile drop method with 2 ul. of water. PFHP treatment results in
increased hydrophobicity as compared to treatment in air. Scale bar is 250 nm.
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5.2.2. Evaluating the structural integrity of the fluorous-cured collagen films

We next evaluated the stability of treated collagen films in aqueous media.
Structural and mechanical properties of collagen-based materials are greatly affected by
their tendency to swell in aqueous media, often resulting in a loss of structural features.??
Based on the results in Figure 3, we expected samples treated at 180 °C to be resistant to
swelling. Results from treatment conducted at other temperatures can be found in Figure
C4. Samples were immersed in PBS for different time durations and the thickness of Col-
I films were measured through ellipsometry, as seen in Figure 5.4(a). After immersion for
24 h, the thickness of the SC film was reduced by ~50%. By comparison, only slight
changes in thickness were observed in the case of FC180 and AC180. This demonstrates
that heat treatment at 180° C improved significantly aqueous stability of collagen films.
As duration of immersion is increased up to 4 days, FC180 continues to show no significant
changes in thickness while AC180 shows significant increase in thickness, presumably
due to swelling. This difference in stability suggests that collagen fibers are packed tighter
post-PFHP treatment, as compared to air treatment. To further evaluate the difference
between treatments in air and PFHP, nano-topographies of FC180 and AC180 after a 4-
day immersion period were observed by AFM and shown in Figures 5.4(b), (¢) (see also
Figure C.3). While the surface of FC180 (Figure 5.4(b)) showed no significant changes
post-immersion, the roughness of AC180 (Figure 5.4(c)) sharply increased by ~2 nm. The
morphology AC180 (Figure 5.4(d)) observed by FESEM indicates the presence of a
porous surface (nanopores and protuberances on the surface marked by the arrows) that
may be responsible for the swelling. We hypothesized that the difference in the swelling

behavior of FC180 and AC180 may be due to denaturation of collagen in the latter air-
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cured film. Collagen fibers heated in air are prone to denaturation and oxidation resulting
in an amorphous polymer much like gelatin, which results in a higher degree of swelling

as well as lower contact angles.?*
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Figure 5.4. Stability of coatings in DPBS: (a) Thickness changes in coatings after immersion in
PBS for different time durations. PFHP thermal treatment results in films less prone to swelling (b)
and (c) nano-topographies of FC180 and AC180 after immersion in DPBS for 4 days, AC180 has
significantly higher roughness compared to FC180. Average roughness calculated on the basis of
two images per sample (d) surface morphology of AC180 immersed in PBS. Arrows indicate pores
on the surface, which may contribute to increased swelling.

The structure of collagen I plays a key role in interaction with cells and dictates
cell behavior such as alignment and phenotype. Based on the swelling studies in Figure

5.4(a), we hypothesized that the rapid increase in swelling of AC180 was most likely a
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result of significant denaturation and oxidation of collagen resulting in a gelatin-like?*
material. We evaluated the effect of thermal treatment on the structure of collagen-1
through ATR-FTIR and CD as shown in Figure 5.5, to assess the extent of denaturation.
252627 The ATR-FTIR spectra of SC, FC180 and AC180 (Figure 5.5(a)) all exhibited
absorption peaks of amide I (1700-1600 cm™', C=O0 stretching vibration), amide II ((1590-

1500 cm™', N-H and C-N stretching vibration), 1454 cm'!' (bending vibration), 1300-

1000 cm™! ( C-O stretching vibration), and amide III (1123, 1225c¢m™!, the vibrations in C-
N and N-H groups of bound amide). > The shape of amide I band is characteristic of the
collagen secondary structure. Therefore, the Amide I (1700-1600 cm™") of SC, FC180 and
AC180 were deconvoluted, transferred, baselined and resolved as shown in Figure 5.5(b),
according to established protocols. 2 The fitting of the band at 1660 cm~' was assigned to
prolyl carbonyls directed inside the triple helix (capable of intramolecular hydrogen
bonding), and the band at 1630 cm™! was assigned to the random coil form outwards in the
triple helix. Thereafter, the calculated ratio of absorbance at 1660 and 1630 cm™' was used
to evaluate the denaturation of second structure of amide I. Figure 5.5(c) shows the area
percentages of each band for different samples. Compared with SC, the ratio of O-
helix/random coils decrease slightly for FC180, but strongly for AC180 (Figure 5.5(c)).
The degree of denaturation, as calculated from Figure 5.5(c), for AC180 and FC180are
about 27% and 5% respectively with respect to SC. This indicated that PFHP treatment
was able to resist heat-associated denaturation of collagen. This reduced denaturation was
further confirmed by the CD spectra as shown in Figure 5.5(d). SC, FC180 and AC180
were examined and compared with a 2 mg/ml Col-I. For SC and FC180, the rotatory

maxima and minima are at 221 and 197 nm respectively, and crossover points (zero
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rotation) are at approximately 214 nm, which are consistent with the native collagen I

solution. However, for AC180, the intensities of rotatory maxima and minima both

decrease considerably as compared to SC, indicating significant denaturation.?® CD spectra

of samples incubated in PBS for 4 days post-treatment (Figure C.5) also show a similar

trend indicating that post-treatment, there is no change in the protein structure and the

swelling behavior is solely a result of the denaturation of protein in the air-cured sample.
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Figure 5.5. (a) Fourier-transform infrared spectra of SC, FC180 and AC180; (b) Amide I peak
deconvolution of B-sheet, random coils, O-helix and B -turn contributes (red lines) elaborated by
experimental curves for SC, FC180 and AC180; (c) Percentage areas of different peaks in amide I
for SC, FC180 and AC180; (d) CD spectra of SC, FC180 and AC180 compared to Col-I solution.
Results indicate significant denaturation of Col-I in the case of AC180.
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5.2.3. Evaluating the mechanical and enzymatic stability of fluorous-cured collagen
films

Biomaterials are subjects to wear-and-tear during handling and within the body
where mechanical failure can result in complications including delayed healing and
chronic pain.*® Improving the mechanical properties of collagen fibers is crucial for
biomaterial applications, as mechanical failure is one of the major limitations of collagen-
based materials.*® Furthermore, the mechanical properties of the material must be tunable
based on its intended application. For instance, tissue engineering scaffolds must mimic
the mechanical properties of native tissue.'3? Therefore, the ability to tune the mechanical
properties of collagen films is important for designing novel biomaterials. We evaluated
the mechanical properties of the fluorous-cured coatings by testing the cohesion strength,
reduced modulus and hardness. The cohesion strength of the films was evaluated through
sonication in aqueous media. Treated and untreated films were sonicated in PBS for 5 and
25 min respectively and thickness before and after treatment was compared (Figure 5.6(a))
(see also Figure C.6). As expected, films treated at 180°C remained stable after 25 min of
ultrasound treatment. In contrast, the untreated spin-coated film showed low cohesion
strength, with only 50% of the film retained after 5 min of ultrasonic treatment. The
thickness of films treated at 75°C reduced by 20% after 5 min and by > 80% after 25 min
(S2). These results further support our hypothesis that heat treatment induces tighter
packing of collagen fibers, thereby increasing the stability and cohesion strength of films.
Based on these results, the reduced modulus and hardness of SC, FC180 and AC180 were
evaluated through nanoindentation. Figure 5.6(b) shows the load-displacement curves
obtained through nanoindentation. With increased load, the indenter displaced

significantly in the case of SC - ~100 nm during load maintaining and ~190 nm of residual
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displacement after unloading. This displacement indicates good plasticity of as-prepared
Col-I. In contrast, the displacements for FC180 and AC180 decreased considerably (~ 50
nm during or after loading). The reduced modulus and hardness were calculated and
tabulated in Figure 5.6(c). A significant increase in reduced modulus and hardness was
observed - ~10 times SC in the case of FC180. Additionally, XPS measurements (Figure
C.7) showed that no fluorine was incorporated into the film due to the treatment.
Collagen-based coatings are widely studied for wound-healing and tissue repair
applications. However, rapid enzymatic digestion of coatings can lead to improper tissue
repair due to lack of support for the growing tissue. Ideally, the scaffold should degrade at
a rate proportional to the grown of new tissue.* For this reason, the ability to tune the rate
of degradation of the collagen coating is crucial. We tested the enzymatic degradability of
FC180, AC180 and SC by incubating them in trypsin solution for 5-120 min (Figure
5.6(d)). After 5 min incubation in trypsin, ~ 70% of the SC film was digested, while both
heat-treated films remained relatively stable. However, as treatment was prolonged,
marked differences in FC180 and AC180 was observed. After 120 min treatment, while
most of the SC and AC180 films were digested, ~30% of the FC180 film was retained.
These results indicate that PFHP treatment significantly improved the enzymatic stability

of collagen films as compared to untreated collagen films.
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Figure 5.6. (a) Thickness changes in coatings post ultrasonic treatment in PBS for different time
durations. Treated films show greater cohesion strength. Scale bars are 1 ym. b) Load-displacement
curves of SC, FC180 and AC180 recorded with increasing the applied load; (c) reduced modulus
and hardness calculated and tabulated for SC, FC180 and AC180; PFHP treatment results in
mechanically robust films (d) percentage of coatings retained post exposure to enzyme (0.025%
trypsin solution) for different durations. PFHP treatment enhances enzymatic stability of collagen
films.

5.2.4. Evaluating the cell viability of cells grown on fluorous-cured collagen films
Collagen coatings are widely applied as tissue engineering scaffolds due to their
excellent cytocompatibility.”® Surface properties such as chemical composition,
nanotopography, and wettability dictate cell behavior such as adhesion, proliferation and
differentiation.* We therefore evaluated the effect of the PFHP treatment on the
cytocompatibility of collagen films by studying the behavior of mouse fibroblasts (L.-929)
to our treated collagen coatings. Cell adhesion and viability studies were performed on

FC180, AC180, SC and bare Si (Figure 5.7). There was no significant statistical difference
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in the cell viability of the different coatings, according to the results obtained from the
alamar Blue assay (Figure 5.7(a)). The % cell viability was calculated with respect to that
of bare Si. The cell adhesion and morphology was evaluated through Live/Dead staining
in the fluorescence images in Figure 5.7(b)-(d). Most of the cells were live (stained green)
indicating that all surfaces exhibited high cell viability. The adherent cells were mostly
spherical on Si; larger spindle-like cells were observed on coated surfaces. We therefore
concluded that PFHP treatment has no significant effect on the biocompatibility of

collagen films.
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Figure 5.7. (a) % Cell viability of L-929 cells after incubation for 1d with respect to growth
control (Bare Si), as determined by alamar Blue assay and (b) Live-dead staining of L-929 cells
adhered on the surface of (b) Si, (c) SC, (d)FC180, (e) AC180 after 1d incubation time. No
significant effect on viability observed post treatment. % cell viability was calculated with respect
to bare Si. Scale bars are 200 pm.
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5.3. Conclusions

This study discusses an approach for the fabrication of collagen-based materials
utilizing a thermal treatment strategy in a fluorous-based solvent. We demonstrate our
ability to enhance the stability relative to uncured or air-cured collagen films and our
ability to tune the mechanical properties and enzymatic degradation solely by controlling
the temperature of stabilization. Furthermore, the PFHP-based thermal treatment strategy
can be successfully used strengthen and stabilize Col I-based biomaterials without
compromising biocompatibility and native protein structure. This strategy provides an
additive-free approach to design collagen-based biomaterials with improved mechanical

and enzymatic stability.

5.4. Experimental Methods

5.4.1. Fabrication of collagen coatings.

Silicon wafers (lcmxlcm, WRS Materials) were ultrasonically washed in ethanol
and isopropanol for 10 min each and then treated with oxygen plasma (ITHCA, PDC-001,
New York) at an oxygen pressure of 300 Pa for 5 min. A 3 mg/ml Col-I solution
(A1048301, Thermo Fisher Scientific) was then spin-coated on cleaned Si wafer at 300
rpm for 50 s. The spin-coated samples were thermally treated in PFHP
(perfluoroperhydrophenanthrene, procured from Sigma Aldrich) or air for 15 min at 75,
135 and 180 °C, respectively. Samples were then washed with perfluorohexane (Sigma
Aldrich) to remove excess PFHP and dried with a stream N, gas. The as spin-coated

samples were abbreviated as SC, the samples treated in PFHP solution as FC-T and the
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samples treated in air as AC-T, where T represents the temperature according to the

treatment.

5.4.2. Structural characterization of collagen films.

The nano-topographies of the coatings were examined by atomic force microscopy
(AFM, Bruker Dimension Icon) using Tapping Mode recorded at 2 kHz. The thickness of
the coatings was measured by a Rudolph Research Auto EL ellipsometer (GAERTNER
Scientific Corporation). Far-UV circular dichroism (CD) spectra were measured on a
JASCO J-815 spectropolarimeter (Jasco UK, Essex, UK) with a quartz cuvette at 25 °C.
The spectra were recorded from 185 to 260 nm with acetic acid (pH=4) at a rate of 10

nm/min. Attenuated total reflection micro-infrared (ATR-IR) spectra were recorded on

a Bruker Vertex70 spectrometer at a spectral resolution of 4 cm™'. The spectra of selected
area were dealt with PeakFit4.12 (SPSS Inc., Chicago, IL, USA to find the baseline,

deconvolve Gaussian IRF, and resolve peaks.

The wettability of different surfaces was determined by measuring the water
contact angle through the static sessile drop method (DSA30, Kruss, Germany). A 2.0 pL
drop of milliQ water was dropped onto the substrate and an image was captured. The
contact angle was then measured by the equipped analysis software (DSAI). This process

was repeated thrice per sample to obtain a statistically relevant average.

5.4.3 Stability and mechanical characterization of the collagen films.
The cohesion strength of the collagen films was evaluated by ultrasonic treatment

of the coatings in Dulbecco's Phosphate Buffered Saline (DPBS) at 60 Hz for 5 and 25
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min. The samples were then gently rinsed with MilliQ water, dried with N,, and the change

in thickness was calculated through ellipsometry measurements.

The stability of collagen was evaluated by its degree of dissolution or swelling in
PBS. Different samples were immersed in 1 ml PBS with or without 0.025% trypsin and
incubated in an incubator at 37 °C with 5% CO, and 95% air for different times. After
treatment for pre-determined times, the samples were rinsed with MilliQ water, dried and
the thickness change was evaluated as described above. Additionally, the morphologies of
FC180 and AC180 after immersed in PBS for 4 days were observed by field emission

scanning electron microscope (FESEM, SU6600, Hitachi, Japan) and AFM, respectively.

For the measurements of elastic modulus and hardness, Tribolndenter system
(Hysitron TI 950, USA) with a 100 nm spherical indenter was used to perform
nanoindentation. Thick Col-I coatings were prepared to minimize the influence of Si
substrate on the elastic modulus and hardness measurements. Each Si wafer was carefully
drop-casted with 100 L Col-I solution, dried in vacuum, and then treated in PHFP or air
at 180 °C for 15 min to fabricate a coating with thickness more than 500 nm. During each
test, the load was increased up to 150 xN with a constant loading rate dP/dt=30 uN/s and

kept for 3 s. Four tests were performed on each sample.

5.4.4. Cell adhesion evaluation
Cell culture. The fibroblast cells (L-929) were purchased from the Institute of
Biochemistry and Cell Biology of Chinese Academy of Sciences (Shanghai, China).These

cells were inoculated in modified Eagle’s medium (MEM, Hyclone, USA) containing 10%
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fetal bovine serum (Hyclone, USA) and cultured at 37 °C with 5% CO,. The media was

refreshed every other day.

Cell viability assay. The coated Si substrates were placed in 24-well plates. 10°
cells/ ml were seeded in each well and incubated for 24 h. Viability of fibroblast cells was
assessed by the alamarBlue assay (protocol prescribed by the manufacturer-Thermo Fisher
Scientific). Additionally, LIVE/DEAD staining was performed using the LIVE/DEAD
Viability/Cytotoxicity Kit (Invitrogen, France) as instructed by the manufacturer. The

stained cells were observed using epifluorescence (SMZ745T, Nikon, Japan).
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CHAPTER 6

IN VITRO CELL CULTURE MODELS FOR ULTRASOUND TREATMENTS
USING COLLAGEN-BASED MATERIALS

6.1 Introduction

Ultrasound treatment has gained interest as a therapeutic strategy owing to its
enhanced tissue penetration,:? versatile applications,? * 567 easy accessibility,* ° and
minimally invasive procedures.!”!! The frequency of ultrasound is easily modulated to
localize desired biological effects such as thermal ablation of tissue, cavitation-induced
cell permeability, and gas body activation.? Ultrasound activatable materials, such as
alginate hydrogels, are utilized for developing drug-loadable scaffolds for triggerable and
localized drug delivery.'?-1>1* More recently, sonodynamic therapy-based approaches have
gained interest as potential antimicrobial and anti-cancer strategies where ultrasound is
used in combination with sonosensitizers to trigger generation of ROS species.!: 16 17
Consequently, ultrasound treatment has been utilized for a variety of applications
including — controlled and triggered drug release,'” !*: '* sonodynamic therapy,'s: 16 17
targeted tissue ablation,'®:'” and enhancing the penetration of drugs.!?

However, the ability to study and explore new ultrasound-based therapeutic
strategies is limited by the dearth of effective in vitro models that predict the effects of
ultrasound-based treatments.>® Cells grown in vitro often experience different
biomechanical environments as compared to cells in native tissue.?! In the native tissue,
the extracellular matrix absorbs a significant amount of ultrasonic energy during treatment,
thereby protecting the cells from lysis. In the absence of the ECM in vitro, cells are more

prone to lysis.?? This results in inconclusive results from in vitro studies and often animal
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models have to be utilized to assess the safety and efficacy of ultrasound. However,
utilizing in vivo models for high throughput testing and screening is expensive and time
consuming. For this reason, there is a need for effective in vifro models that mimic the
mechanical environment of native tissue to enable translation of ultrasound-based
therapeutic strategies

We utilized collagen-based materials to generate two-dimensional and three-
dimensional cell culture models for ultrasound treatments. Collagen is a natural
biopolymer and the primary component of the ECM in native tissues.”® Therefore, it is
inherently biocompatible and non-toxic.>* Furthermore, there are numerous fabrication
strategies available to generate collagen-based materials, such as films and hydrogels, with
varying mechanical properties.?> 2 We hypothesized that the collagen matrix will mimic
the ECM, absorbing the mechanical energy generated during ultrasound treatment thereby
preserving the cells. We evaluated this using two different types of materials as a support
for culturing 3T3 fibroblast cells — 2D collagen coatings and 3D collagen hydrogels.?’- 28
Summarized below is the strategy for fabricating both types of scaffolds, culturing 3T3
cells and conducting ultrasound treatment, and evaluating cell viability. Our results
indicated that both the 2D and 3D cell cultures are effective in vitro models with different
advantages and limitations, as indicated in Figure 6.1. The 2D collagen film is easy and
quick to prepare and utilizes small amounts of materials. Therefore, this is ideal for
preliminary studies and for testing a large number of conditions. However, it cannot
withstand prolonged exposure to ultrasound. On the other hand, the 3D hydrogel
effectively protects the cells from prolonged exposure to ultrasound and is more

representative of native tissue. However, 3D cultures utilize significantly more material
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and take longer to fabricate (~ 1 week). Overall, both strategies are potential in vitro
models for testing ultrasound-based therapies and may be utilized for validating a variety

therapeutic applications.

Ultrasound
“u

—

- X Low cell viability during
o . fif_-\l -~ ultrasound treatment
——

Uncoated wells

\ — v Improved Cell Viability
/ Fast and efficient strategy

— ~
’/ —_—] ladbe 2 -d x Cytotoxicity during
2D Collagen Film 2D Culture HGONISdeRoe

3T3 Fibroblast Cells
Seeding solution

—  High Cell Viability
_— 02  Minimal cytotoxicity during
—» prolonged exposure
3D Collagen Hydrogel 3D Culture x Longer culture durations
3T3 Fibroblast Cultures Ultrasound Treatment

on Fibroblast Cultures

Figure 6.1. Schematic describing 3T3 Fibroblast cells cultured on (top to bottom) uncoated
wells , 2D collagen films, and within 3D collagen hydrogels. Cells cultured on uncoated
wells show uncontrolled and rapid cell lysis. Cells cultured on collagen films withstand
some ultrasound exposure, while cells cultured within the 3D hydrogels withstand
prolonged ultrasound exposure.

6.2. Protocols

6.2.1. Protocol 1 - 2D Cell culture
Step 1: Fabrication of 2D collagen coatings

Materials. Fisherbrand sterile 12 well plates (used for all cell cultures), Gibco rat
tail collagen 1 solution (concentration 3mg/mL) and phosphate buffer saline (PBS) were
purchased from Fisher Scientific. Deionized water produced by a Millipore System (MilliQ
water) was utilized post sterilization by autoclaving. All procedures were performed under

sterile conditions in a BSL 2 facility inside a biosafety cabinet.
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Procedure.

1.

Coatings were always prepared in a BSL 2 facility inside a biosafety cabinet to
maintain sterile conditions at all times.

Coating solution was prepared by diluting the collagen 1 solution in milliQ water
to a final concentration of 1 mg/mL. Sufficient solution was prepared to coat all the
wells needed to perform the experiment.

Following this, 1 mL of the coating solution was placed in each well of a sterile 12
well plate. The plate was then incubated at 37 oC for 30 min to allow for the
formation of collagen film. Appropriate number of wells were left uncoated for
control groups.

The excess collagen solution was then removed, and the coated wells were washed
three times using PBS.

Plates were then used immediately for cell culture.

Step 2: Fibroblast culture on 2D collagen films

Materials. NIH-3T3 fibroblast cells were purchased from ATCC (ATCC CRL-

1658). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum(FBS), 0.05%

trypsin-EDTA, 100X penicillin-streptomycin antibiotic solution, trypan blue and

phosphate buffer saline (PBS) were purchased from Fisher Scientific. DMEM was spiked

with 10% v/v FBS and 1% v/v antibiotic solution to make the complete growth medium.

Procedure.

Thawing
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A frozen stock (~1 mL) of NIH-3T3 fibroblast cells was thawed rapidly (<1 minute)
in a 370C water bath.

Thawed cells were washed by diluting with 9 mL pre-warmed complete growth
medium and then centrifuged at 3000rpm for 5 min to prepare a cell pellet.

The growth medium was then removed without disturbing the pellet and the cells
were redispersed in 9 mL fresh growth medium to prepare the cell solution.

This cell solution was then transferred completely to a T-75 culture flask for further

culturing.

Cell culture and cell counting.

1.

Once the cells were 80-90% confluent, the growth medium was removed and
washed with PBS.

The cells were then trypsinized with ~3mL of 0.05 % Trypsin-EDTA and incubated
at 370C for 5-7 mins to allow the cells to detach.

Once the cells were detached, 7mL of complete medium was added to neutralize
the trypsin.

The cell solution was then collected in a 15mL Falcon tube and centrifuged at
3000rpm for 5 minutes to collect the cell pellet.

The growth medium was removed without disturbing the pellet and resuspended
with fresh complete growth medium accordingly.

10uL of cell solution was taken in an Eppendorf tube and mixed with 10uL of

trypan blue. 10uL of this mixture was then added to one side of the disposable cell
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counting chamber slide and inserted into the Invitrogen Countess II Automated Cell

Counter machine to count the number of cells in the cell solution.

Cell Plating. The cell solution was diluted to 100,000 cells/well and plated on
uncoated or collagen-coated wells in a 12-well plate and allowed to grow overnight at 370C
in a humidified atmosphere of 5% CO2 and were treated with ultrasound the following
day.

Cell Splitting. The remaining cell solution was split in a ratio of 1:10 into a new

culture flask and sub-cultured every 2 days for further experiments.

6.2.2. Protocol 2 - 3D Cell culture

Materials. Fisherbrand sterile 12 well plates (used for all cell cultures) and
phosphate buffer saline (PBS) were purchased from Fisher Scientific. Deionized water
produced by a Millipore System (MilliQ water) was utilized post sterilization by
autoclaving. Fetal Bovine Serum (FBS) was purchased from Peak Serum. Dulbecco’s
Modified Eagle Medium 1x (DMEM) with 4.5 g/L D-Glucose, L-Glutamine and 110 mg/L
Sodium Pyruvate was purchased from Fisher Scientific. HEPES solution was purchased
from Millipore Sigma. Penicillin and Streptomycin (P/S) were purchased from Invitrogen.
Bovine tendon type I collagen was purchased from Organogenesis. Minimum essential
medium with Earle’s salts (MEM 10x), L-glutamine and sodium bicarbonate was
purchased from Cambrex. All reagents were utilized as obtained from the vendor without
additional purification, unless otherwise specified. All procedures were performed under
sterile conditions in a BSL 2 facility inside a biosafety cabinet.

Procedure. The protocol described in ref 27 was utilized for fabricating the 3D cell

cultures.
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Step 1: Preparation of components 24 hr prior

1.

The conditioned media was prepared by using Gibco’s DMEM 1x and mixing it
with 10% FBS, 1% P/S and 1% HEPES under sterile conditions.

The following were placed in the refrigerator at 4 °C 24 hr before fabrication of
gels - FBS, glutamine, DMEM, sodium bicarbonate, pipette tips (p1000, p200), 15
mL Falcon tubes, and 12 well culture plates.

Sodium bicarbonate (1M) was sterilized using a PTFE syringe filter with pore size
0.22um. Forceps were sterilized by autoclaving prior to use.

Cells were thawed and cultured in a T-75 flask through the procedure described

above and grown to 80-90% confluency before the next step.

Step 2: Preparation of the cell seeding solution.

1.

Once the cells reached 80-90% confluency, the growth medium was carefully
extracted from the flask and replaced with 5 mL of PBS that was warmed in a
water bath at 37 °C.

Cells were then washed by gentle swirling and the PBS was carefully removed
and discarded from the flask.

Following this, 2 mL of 0.05% trypsin-EDTA was added to the flask and
incubated at 37°C for 8-10 minutes to detach the cells.

Once the cells were detached, ~ 6 mL of conditioned DMEM medium was added

to neutralize the trypsin and dilute the solution.
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The cell solution was then placed in a 15 mL Falcon tube and centrifuged at 1,000
rpm for 10 min at 4 °C.

Excess medium was carefully extracted without disturbing the cell pellet and the
cells were resuspended in 15 mL of fresh growth medium.

10 pL of cell solution from above was added to a sterile 1.5 mL Eppendorf tube
along with 40 pL of fresh growth DMEM medium and 50 pL of Trypan Blue.
Cells were resuspended and 10 uL was extracted and placed on a hemocytometer
for counting.

Finally, 3.22 mL of cell seeding solution was prepared at the concentration of

300,000 cells/ mL.

Step 3: Casting 3D collagen gels

1.

The cell seeding solution, growth medium, two 50 mL Falcon tubes, collagen 1
solution, sterile NaHCOj solution, 12 well plates, and transfer pipets were all placed
in an ice bath to maintain low temperature. Care was taken to keep all components
cold during the experiment.

One of the two Falcon tubes were used to prepare the cell-collagen solution (Tube
1) while the other was used to prepare the cell-free control collagen solution (Tube
2). Each tube was prepared with the components described in Table 6.1 and mixed
well by pipetting back and forth several times. The final solution should be a straw
color or darker. If lighter, more NaHCOj solution was added in 80 pL increments

until the desired color was formed.
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3. To Tube 1, 3.22 mL of the cell seeding solution was added after thorough mixing.
The contents of Tube 1 were then mixed well by pipetting back and forth several
times. Following this 2 mL of solution was placed in each well of a 12 well plate.
This solution formed about 18 gels. Care was taken to minimize formation of
bubbles during mixing.

4. To Tube 2, 804 pL. of DMEM was added to prepare the cell-free control gels. The
solution was mixed well as described above and 2 mL of the solution was placed in
each well of a 12 well plate. This solution formed about 4 gels.

5. Gels were incubated at 37 °C and 7.5% COx for 1 hr, to firm up. A pink coloration
was observed when the gels were firm.

6. The cells were fed with 2 mL of warm growth medium every other day for a total

of 7 days before proceeding with ultrasound treatment.

lomponents Amount in Tube 1 Amount in Tube 2
0 x MEM 3.5 mL 875 uL

L - Glutamine 316 uL 79 pL

‘BS 3.92 mL 980 uL

NaHCO3 solution 1089 uL 273 uL

Collagen 29.17 mL 7.3 mL

Table 6.1. Table summarizes volume of each component added to Tube 1 and Tube 2 to
prepare 18 and 4 gels respectively. Components must be adjusted to prepare more gels

while keeping the ratio same.
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6.2.3. Protocol 3 — Ultrasound treatment
Equipment. Ultrasound treatment was done using a 130-watt vibracell ultrasonic
processor (VCX 130) with a 6 mm probe purchased from Sonics & Materials INC and was

utilized at 35% amplitude for the time durations specified.

Procedure
1. Each well was topped off with enough media to ensure a final volume of 2 mL.
2. The ultrasound probe was dipped into the center of the well to ~ 1-2 mm depth.

This is to ensure proper ultrasound exposure throughout the treatment duration.

3. Ultrasound treatments were done for 75, 150 and 300 seconds on cells cultured on
both the 2D and 3D cultures. Each ultrasound treatment condition was repeated on
at least 3 different wells. At least 3 wells in each culture were left untreated to serve
as negative (growth) controls. See Figure 6.2 for experimental set up.

4. Step 3 was repeated on uncoated 12 well plates were also treated with 75, 150 and

300 seconds of ultrasound treatment to serve as positive controls.
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Figure 6.2. Schematic representation for conducting ultrasound treatment on a 12 well
plate. Each treatment condition (yellow, green and red) were replicated three times. Blue
column represents the untreated negative (growth) controls. A similar set up was utilized
for uncoated or collagen-coated plates (2D cultures) or plates containing 3D collagen
hydrogel cultures.

6.2.4. Protocol 4 — Determining cell viability post ultrasound treatment.
Materials and Equipment. The thermo scientific alamarBlue dye was purchased
from Fisher Scientific. Fluorescence signal was measured on a SpectraMax 2 plate reader

from Molecular Devices.

Procedure.

1. The protocol provided by the manufacturer for planktonic cells was utilized. This
was done because ultrasound treatment may displace adherent cells but not
necessarily result in cell death. Therefore, this strategy was able to measure all

viable cells even if they are not adhered to the bottom of the well post treatment.
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. After the US treatment, each cell culture well of the 12 well plates was spiked with
200 pL of alamarBlue solution. The solution in each well was mixed by gently
pipetting back and forth a few times and all the plates were incubated at 37 °C for

3 hours.

. Simultaneously, 6 wells on a black 96 well plate were filled with 100 pL of the
same DMEM media used for cell culture, spiked with 10 pL, mixed well, and
incubated at 37 °C for 3 hours along with the cell culture plates. This will act as the
reference value for the baseline signal from the media, when calculating the cell

viability.

. After 3 hours, 330 pL of supernatant was removed from each cell culture well (from
step 2) and placed into three separate wells (110 pL each) of the black 96 well plate
with the reference prepared in step 3. This ensures that each cell culture well is

being measured at least 3 times.

. As each treatment condition (described in the section - procedure for ultrasound
treatment) was replicated 3 times and each cell culture well was sampled 3 times
(described in step 4), the final measurements include 9 measurements per treatment
condition. The final measurements must also include 9 measurements from both

the positive and negative controls described previously.

Finally, the fluorescence signal from each well of the black 96 well plate was

measured at excitation wavelength of 560 nm and emission of 590 nm.

% Cell viability was calculated for each treatment condition using the formula —
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%Cell viability

Fluor.signal from treated well — Fluor.signal from reference

~ Fluor. signal from negative (growth)control — Fluor. signal from reference

x 100

8. Average %Cell viability and standard deviation were obtained from the replicates
described in step 5 and reported in Method Validation. This protocol was repeated

two additional times to ensure reproducibility.

6.3. Protocol Validation

Figure 6.3 shows the %cell viability for different durations of ultrasound treatment
for 2D cell cultures on uncoated and collagen coated substrates as well as a 3D cell culture
in collagen hydrogels. As seen in Figure 3, cells grown on uncoated plates (green bars)
show minimal resilience against ultrasound, with only ~10% of the cells surviving after 75
seconds of ultrasound treatment. By comparison, the 2D collagen scaffold (orange bars)
increases the cell viability dramatically, with over 50% cells surviving 75 s of ultrasound
treatment. However, prolonged treatment results in increased cell death. In the case of the
3D collagen hydrogels, > 80% of the cells survive even after 300 s of ultrasound treatment

(as seen by the blue bars).
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Figure 6.3. %Cell viability post ultrasound treatment for cells grown on uncoated plates
(green), plates containing 2D collagen scaffold (orange), and plates containing 3D collagen
scaffold (blue). 2D scaffold results in ~40% increase in cell viability while 3D scaffold
results in ~90% increase.
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6.4. Conclusions

We therefore concluded that collagen-based materials significantly increase the
resilience of cells against ultrasound treatment by mimicking the extracellular matrix in
tissue and absorbing some of the mechanical energy generated by the ultrasound. The 2D
collagen scaffold offers a rapid and efficient way to test ultrasound-based treatments, as
the experiment can be conducted within 24 hr and requires only a small amount of material.
This strategy is therefore ideal for preliminary experiments or experiments with short
duration of ultrasound exposure (~1 min). On the contrary, 3D cultures take ~1 week and
significantly higher amounts of collagen to fabricate. However, the 3D cultures provide
significantly more protection from prolonged exposure to ultrasound treatment and are
therefore more representative of native tissue. Taken together, these collagen-based 2D
and 3D cultures have the potential to serve as in vitro model for testing ultrasound-based
treatment strategies for a variety of applications such as controlled drug delivery, anti-

cancer, and antimicrobial strategies.
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CHAPTER 7

ULTRASOUND-ENHANCED ANTIBACTERIAL ACTIVITY OF POLYMERIC
NANOPARTICLES FOR ERADICATING BACTERIAL BIOFILMS

7.1 Introduction

Bacterial infections are a major healthcare concern, presenting several acute threats
such as chronic wounds' and implant-associated infections and failure.?-3 Approximately
1.7 million hospital-acquired infections occur in the United States alone annually, resulting
in a financial burden of 11 billion USD # This challenge is further exacerbated by formation
of bacterial biofilms, which are bacterial communities surrounded by a self-secreted
extracellular polymeric substance (EPS).>-¢ Biofilms promote the spread of infection and
development of drug resistance by protecting bacteria from the host immune response and
antimicrobial agents.”-8 Conventional therapies like antibiotics are unable to effectively
penetrate through the EPS - 1° are deactivated in the matrix,!! and are rapidly removed from
the microenvironment through efflux pumps.'? Aggressive treatment strategies are often
employed to treat biofilm infections involving surgical debridement of infected tissue, high
doses of antibiotics or the use of last-resort antibiotics. '*!* These strategies result in low
patient compliance due to long and expensive treatments with the possibility of adverse
side-effects. Therefore, recent efforts have focused on developing minimally invasive
strategies that can disrupt the biofilm to enhance the penetration of therapeutics, while
minimizing side-effects.

Nanomaterials are another recent approach that have gained interest as

antimicrobials owing to their tunable morphological and physicochemical properties such
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as size, shape, and surface chemistry.'” Consequently, nanomaterials have been engineered
to enhance biofilm penetration,'® impart targeting or stimuli-responsive behavior,!”-!® and
facilitate localized delivery of antimicrobial agents.'” For instance, cationic nanomaterials
show enhanced penetration into biofilms and are also able to disrupt bacterial cell
membranes due to the overall negative charge of the EPS.?- 2! However, for the same
reasons, cationic nanomaterials also show increased toxicity towards mammalian cells.
Therefore, maximizing the therapeutic effect while minimizing host toxicity is a key
challenge when designing antimicrobial nanomaterials.

Ultrasound (US)-based treatments have gained interest for eradicating biofilms due
to its enhanced tissue penetration and the ability to localize treatment to infected area.??!
Ultrasonic waves (frequency > 20 kHz) are pressure waves transmitted through the
expansion and contraction of a medium.>*?* The antimicrobial effect of US is mainly
attributed to its thermal and cavitation effects. Heat generated from ultrasound has been
utilized for ablation of infected tissue and for the localized release of drugs.?:26:27-28.29
Cavitation is the process of formation of microbubbles in the media during US treatment
resulting in shear forces inside bacterial cells. Cavitation leads to pore formation,
disruption of bacterial biofilms, and eventually to bacterial cell membrane disruption.*
However, prolonged exposure to ultrasound leads to tissue damage, either due to the
hyperthermic effect on surrounding tissue or due to the cavitation-associated damage to
healthy cells, thereby contributing to delayed wound-healing. !

Our strategy employs a combination of cationic antimicrobial polymeric
nanoparticles (PNPs) and ultrasound for the rapid eradication of bacterial biofilms (as

shown in Figure 7.1) with minimal toxicity to mammalian cells. We hypothesized that
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ultrasound treatment would enhance the antimicrobial activity of nanomaterials by rapidly
disrupting the biofilm matrix and increasing the susceptibility of bacterial cells to the
treatment. Furthermore, the disruption of the bacterial membrane due to the combined
activity of acoustic cavitation and cationic PNPs allows us to reduce both the concentration
of PNPs utilized and exposure to US treatment. For this study, we utilized the polymer
PONI-C11-TMA (synthesis described in Figure D.1). As shown in Figure 7.1(a), PONI-
C11-TMA is based on a poly(oxanorboroneneimide) (PONI) backbone, with a C;; alkyl
sidechain and cationic trimethyl ammonium (TMA) headgroup. As demonstrated by
Figure D.2, PNPs remained stable throughout ultrasound treatment, showing no
significant change in size. We have previously shown that the PONI-C11-TMA polymer
self-assembles into nanoparticles (size in Figure 7.1(b)) with antimicrobial activity against
bacterial biofilms, while preventing the development of drug resistance. However, these
studies employ longer incubation times (~ 3hr) to enable penetration into and disruption
of biofilms. Furthermore, high concentrations and prolonged exposure to PNPs results in
toxicity towards mammalian cells.*> 3 In this study, we show rapid antibacterial activity
through a combination treatment of ultrasound and PNPs, resulting in > 80% bacterial
toxicity within 30 min of treatment. The combination treatment was tested against biofilms
of both Gram-positive and Gram-negative strains and was demonstrated to be effective.
Furthermore, we observed synergistic or additive behavior in most combinations, resulting
in a 2- to 6- fold reduction in both the concentration of PNPs and the duration of ultrasound
treatment. We also demonstrated through a co-culture model that this reduction in the

concentration of PNPs and duration of ultrasound treatment resulted in minimized
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cytotoxicity to fibroblast cells, while resulting in a 100- to 1000- fold reduction in bacterial

cell concentration.
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Figure 7.1. Schematic representation of effect of combination treatment on bacterial
biofilms. (a) Chemical structure of cationic polymer PONI-C11-TMA with the
poly(oxanorboroneneimide) backbone (in black), a C;; alkyl sidechain (in blue), and a
cationic trimethyl ammonium headgroup (in red). (b) Hydrodynamic radius of PNPs, as
measured by dynamic light scattering. (c) Scheme depicting slow penetration of PNPs into
biofilms and (d) Scheme depicting rapid biofilm disruption and enhanced antibacterial
activity due to ultrasound treatment.

7.2. Results and Discussion

7.2.1. Effect of Ultrasound Treatment on Biofilm Infections

Our initial studies focused on the effect of ultrasound treatment on bacterial
biofilms by observing biofilms pre- and post-treatment using confocal microscopy. GFP-
expressing MRSA were first grown to stationary phase in LB media. The culture tubes

were then centrifuged to collect the bacteria and washed 3 times using a 0.85% NaCl
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solution followed by resuspension in PBS. Following this, the concentration of bacteria
was determined by measuring the optical density of the suspension at 600 nm (ODyg; 1
O .Dgoo = 10° cfu/mL). Seeding solutions were then prepared at 10® cfu/mL by diluting the
bacteria in Tryptic Soy Broth (TSB) media. 2 mL of the seeding solution were then placed
in a glass bottom confocal dish and incubated at 37 °C for 24 hr to generate MRSA
biofilms. Mature biofilms were ~ 20 pum thick, as seen in Figure 7.2. Biofilms were then
treated with ultrasound (conditions described in the Experimental Methods section) for
varying durations. As shown in Figure 7.2, biofilm disruption begins ~40 s post exposure
to ultrasound and is fully disrupted after about 300s of treatment. This demonstrated that
short durations of exposure to ultrasound can cause significant disruption of the biofilm

thereby enhancing penetration of antimicrobial agents.

.

300 sec

150 sec

Figure 7.2. Top and side view confocal microscopy images demonstrating US-mediated
biofilm disruption of MRSA-GFP biofilm. (a) Native untreated biofilm. Biofilms treated
with ultrasound for (b) 20 s (¢) 40 s (d) 75 s (e) 150 s and (f) 300 s. It can be seen that

biofilm disruption begins at ~40s and is almost fully disrupted at ~300 s. Scale bar is 100
pm.
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In addition to biofilm disruption, ultrasound treatment may also result in
antimicrobial activity. We tested this on both Gram-positive and negative bacterial
biofilms (results summarized in Figure 7.3). E. coli (CD2), P. aeruginosa (CD1006),
MRSA (6169) and S. epidermidis (7073) biofilms were grown using the protocol described
above. Mature biofilms were treated with ultrasound for varying durations. Following this,
%bacterial viability was measured using alamarBlue assay and %toxicity was calculated
and summarized in Figure 7.3. Ultrasound treatment resulted in ~80% toxicity across all
strains, as seen in Figure 7.3 (a, b, ¢ and d). This is primarily attributed to cavitation and
mechanical disruption of bacterial cell membranes. This is further evidenced by the
disrupted cell membranes of MRSA (Figure 7.3(e)), E. coli (Figure 7.3(f)) and P.
aeruginosa (Figure 7.3(g)) observed through propidium iodide staining. Furthermore, as
seen in Figure D.3, the thermal effect from ultrasound treatment (increase in temperature
from 25 °C to 40 °C) is not sufficient for antimicrobial activity. Additionally, ultrasound
treatment over 600s did not result in sufficient changes Gram-positive strains were more
resilient to the treatment. Both MRSA and S. epidermidis required ~600 s of ultrasound
treatment to eliminate 60% of the bacteria, while E. coli and P. aeruginosa required ~200
s. This is explained by the presence of the peptidoglycan layer around Gram-positive
bacteria which protects the cells from cavitation-associated membrane disruption.** Figure
7.3(e), (f) and (g) show fluorescence microscopy images of the dead bacteria stained by
propidium iodide stain, which is further proof of the membrane disruption as a result of

the ultrasound treatment.
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Figure 7.3. Broad-spectrum antibacterial activity of US treatment. Each graph represents
%Biofilm toxicity at different durations of ultrasound treatment for Gram-positive (a)
MRSA and (b) S. epidermidis, and negative (c) P. aeruginosa and (d) E. coli biofilms.
Error bars represent standard deviation (n=4). Solid blue line in (a), (b) and (c) show trends
consistent with Hill Equation while (d) is consistent with Michelis-Menten Equation.
Fluorescence images post pl staining for () MRSA (f) E. coli and (g) P. aeruginosa show
dead bacteria. Scale bar is 50 um.

7.2.2. Synergistic or Additive Combination therapy of Ultrasound and PNPs

We next studied the potential for ultrasound treatment to enhance the antibacterial
activity of polymeric nanomaterials. We have previously demonstrated the broad-spectrum
antibacterial activity of the cationic PNPs.*> 3* Furthermore, bacteria were unable to
develop resistance against PNPs owing to its membrane disruption mechanism. However,
higher concentrations and longer treatment time have to be utilized for effectively
eliminating biofilms using PNPs, which contributes to increased cytotoxicity. Ultrasound
treatment is expected to rapidly disrupt the bacterial biofilm and also enhance the bacterial

membrane permeability. For this reason, we hypothesized that a combination of ultrasound
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and PNPs will rapidly eliminate bacterial biofilms through a synergistic or additive
behavior.

This combination therapy was tested on MRSA, E. coli and P. aeruginosa biofilms
grown according to the protocol described previously. The mature biofilms were then
treated with a combination of PNP solution, concentration ranging from O to 0.25 mg/mL,
and ultrasound ranging from 0 to 600 s. The biofilms were then incubated at 37 °C for 30
min and tested with alamarBlue to calculate bacterial cell viability. Figure 7.4 summarizes
the results of %toxicity for each treatment condition in a heatmap where each cell
represents a different treatment condition, and the color represents % toxicity. As seen in
Figure 7.4(a), MRSA has limited susceptibility to ultrasound treatment or PNPs
individually, exhibiting 80% toxicity at 600s of ultrasound or 0.5 mg/mL of PNP solution.
However, a 2- to 6- fold reduction of ultrasound treatment time and 2- to 4- fold reduction
of PNP concentration may be obtained through combination treatment for the same level
of toxicity. Similarly, a 4- fold reduction in both ultrasound treatment time and PNP
concentration was observed in the case of P. aeruginosa, as observed in Figure 7.4(b)
while a 2- to 6- fold reduction in both ultrasound treatment time and PNP concentration
was observed for E. coli. These results demonstrate that a combination treatment of
ultrasound and PNPs has broad-spectrum activity and can be utilized against both Gram-
positive and negative infections. Furthermore, we tested the prolonged effect of ultrasound
treatment on the susceptibility of bacteria to PNPs by increasing the duration of
administration of PNPs after ultrasound treatment. As seen in Figure D .4, bacteria showed
increased susceptibility towards PNPs up to 15 min post ultrasound treatment. Figure

7.4(d), (e) and (f) show fluorescence microscopy images of the dead bacteria stained by
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propidium iodide stain, which is further proof of the membrane disruption as a result of
the combination treatment.

The additive, synergistic or antagonistic behavior of the combination treatments
was evaluated using the Bliss independence model.** Scores for each condition are shown
in Figure D.S and synergistic conditions are marked with an asterisks in Figure 7.4(a),
(b) and (c¢). As expected, most combinations showed additive behavior. We observed that
several synergistic conditions are observed for both MRSA and E. coli. In comparison,
only one synergistic points are observed for P. aeruginosa. This is attributed to the

significantly high susceptibility of P. aeruginosa to the ultrasound treatment alone (seen

in Figure 7.3).
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Figure 7.4. Antibacterial activity of combination therapy. % Biofilm toxicity due to
combination therapy, as measured by alamarBlue assay for (a) E. coli (b) MRSA and (c)
P. aeruginosa biofilms. Conditions where synergy was observed are marked by *. E. coli
and MRSA show synergy at several combinations and additivity for most others. P.
aeruginosa shows mostly additive behaviour, presumably due to the strong antibiofilm
effect of ultrasound treatment alone on P. aer biofilms. (d), (e) and (f) show fluorescence
microscopy images of dead bacteria visualized by propidium iodide staining. Scale bar is

50 pm.
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5.2.4. In vitro Biofilm and Fibroblast Co-culture Model to Study the Effect of
Combination Treatment

We have demonstrated that the combination treatment is successful at reducing
both the duration of ultrasound treatment as well as the concentration of the PNPs utilized,
while preserving the efficacy. This approach is not only beneficial for the rapid and
efficient eradication of biofilms but can potentially limit side-target effects if it reduces the
‘dosing’ of each individual component. Ultrasound can be focused or directed to an area
and therefore enables localized treatment of biofilm infections while minimizing
significant damage to healthy tissue. However, prolonged exposure to ultrasound can result
in cytotoxicity to healthy cells. On the other hand, PNPs also exhibit cytotoxicity at high
concentrations that may be required to eradicate chronic biofilm infections. We therefore
hypothesized that the combination treatment would allow us to preserve healthy cells,
thereby promoting wound-healing by reducing both the intensity of ultrasound treatment
and concentration of PNP utilized.

First, 3T3 fibroblast cells were cultured on collagen-coated wells of a 12 well plate.
The collagen coating mimicked the extracellular matrix in native tissues and absorbed
some energy from the ultrasound treatment, thereby protecting the cells.*¢! As seen in
Figure D.6, significant differences in fibroblast cell viability was observed on uncoated
vs. collagen-coated plates. 100k cells were seeded onto collagen-coated plates and allowed
to grow overnight. Non-pathogenic E. coli DH5a bacteria were grown to log phase in LB
media and then washed and harvested. Bacteria seeding solution of 10® cfu/mL was
prepared in DMEM media and placed on top of the 3T3 cell culture. Plates were then
incubated at 37 °C for 6 hr to allow biofilms formation. Following this, co-cultured were

treated with a combination of ultrasound and PNPs as shown in Figure 7.5. 3T3 %viability
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was evaluated using the LDH cytotoxicity assay and colony-counting was performed to
evaluate the bacterial viability. As seen in Figure 7.5(a), the majority of the cells survived
the combination treatment at lower concentrations of PNPs. Although some cytotoxicity
was observed at 0.06 mg/mL, ~60% of the cells still survive the combination treatment.
3T3 viability did not significantly change due to ultrasound treatment for any of the
treatment groups. However, for the same treatment conditions, a 100- to 1000- fold
reduction in the concentration of bacteria was observed, as shown in Figure 7.3(b).
Ultrasound treatment results significant reduction as compared to PNP only for both lower
concentrations of PNPs (0.007 mg/mL and 0.015 mg/mL). We therefore concluded that
the combination treatment may be utilized to eradicate biofilm infections while minimizing

significant tissue damage resulting from both ultrasound and PNP toxicity.
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Figure 7.5. Effect of combination treatment on (a) fibroblast cells and (b) Non-pathogenic
E. coli DH5a biofilms in an in vitro co-culture model. (a) % Fibroblast cell viability
measured using LDH cytotoxicity assay shows that 60 to 80% of the cells survive the
combination treatment. Error bars represent standard deviation (n=8). (b) 100- to 1000-
fold reduction in bacteria concentration was observed during combination treatment.

Bacteria concentration was measured by colony-counting. Error bars represent S.E.M.
(n=4).

7.3. Conclusions

This study demonstrates the synergistic and additive therapeutic potential of
combined ultrasound treatment and antimicrobial cationic PNPs. Ultrasound treatment
rapidly disrupts bacterial biofilms and shows broad-spectrum antibacterial activity.
Furthermore, when combined with our previously developed antimicrobial PNPs (PONI-
C11-TMA) we observe enhanced antibacterial activity with a 2- to 6- fold reduction in the
concentrations of PNPs and duration of ultrasound treatment. This combination treatment

results in 100- to 1000- fold reduction in bacterial concentration with minimal toxicity to
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fibroblast cells. Taken together, this approach provides a rapid and effective method to
eradicate biofilm infections, while minimizing tissue damage. Additionally, PNPs
minimize the risk of developing drug resistant infections. Therefore, this combined
approach provides a robust and effective strategy for treating refractory conditions like
chronic wound infections, implant-associated infections, and multi-drug resistant

infections.

7.4 Experimental Methods

7.4.1. Materials.

All solvents, reagents, and chemicals for synthesis of PNPs were obtained from
Fisher Scientific and Sigma Aldrich and used without further purification unless otherwise
specified. Bacteria isolates with the code CD were obtained from the Cooley Dickinson
Hospital Microbiology Laboratory, Northampton, MA. MRSA (IDRL-6169) and S.
epidermidis (IDRL-7073) was from the Infectious Diseases Research Laboratory at Mayo
Clinic, Rochester MN. NIH-3T3 fibroblast cells were purchased from ATCC (ATCC
CRL-1658). Luria broth, tryptic soy broth, DMEM (Dulbecco’s modified eagle medium)
and agar were purchased from Fisher Scientific and used as received. AlamarBlue assay
and CyQUANT LDH Cytotoxicity assay were purchased from Invitrogen on Fisher
Scientific and used as suggested by the manufacturer. Rat-tail Collagen 1 solution (3-4

mg/mL) was purchased from ThermoFisher and used without further purification.

7.4.2. Bacterial and biofilm cultures
Growing bacteria for all experiments. All bacteria strains utilized throughout

this study (MRSA eGFP,CD2,IDRL-6169, CD1006, IDRL-7073 and E. coli DH5a) were
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first inoculated by transferring isolated colonies on agar plates into Luria broth (LB) media
and grown to stationary phase overnight at 37 °C with aeration and agitation at 275 rpm.
Bacteria were then collected and washed thrice through centrifugation at 3000 rpm for 5
min in 0.85% NaCl solution. Following this bacteria were resuspended in PBS media and
their optical density (O.Dgy) was measured at 600 nm (1 O.Dgy ~ 10° cfu/mL). Next,

bacterial seeding solutions were prepared based on the experiment.

Confocal Imaging of Biofilm Disruption due to Ultrasound Treatment. MRSA
eGFP bacteria were grown and washed according to the protocol described above. A
seeding solution of 108 cfu/mL of bacteria was prepared in Tryptic soy broth (TSB)
containing 1mM of IPTG. Next, 2 mL of seeding solution each was placed in confocal
dishes and allowed to incubate at 37 °C overnight to form biofilms. Mature biofilms were
then washed once with PBS and then replaced with 2 mL of M9 media before ultrasound
treatment. Treated biofilms were then washed with PBS to remove free-floating planktonic
bacteria and imaged on a Zeiss LSM 510 Meta microscope, from the Light Microscopy
Facility and Nikon Center of Excellence at the Institute for Applied Life Sciences, UMass
Ambherst, by using a 40x objective. The settings of the confocal microscope were as
follows: green channel, A., = 488 nm and A.,, = LP 540 nm; red channel, A., = 560 nm and
Aem = LP 640 nm; blue channel, A, = 403 nm and A., = LP 495 nm. Emission filter: LP =

high pass.

Propidium Iodide staining assay. MRSA (6169), E. coli (CD2), and P. aeruginosa
(CD1006) solutions were prepared in M9 media to a concentration of 108 cfu/mL. 2 mL of

this solution was added to each well of a 12 well plate and treated with either ultrasound

for 600 s (Figure 7.3) or a combination of 150 s ultrasound and 0.125 mg/mL of PNPs
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(Figure 7.4) and then then incubated for 30 min at 37 °C. Propidium iodide was then added
to each treated bacteria solution such that the final PI concentration was 2 uM and then
incubated in the dark at 37 °C for 30 min. 5 pL of each solution was then placed on a glass
slide with a glass coverslip and observed with fluorescence microscopy, using an Olympus
IX51 Inverted Phase Contrast Fluorescence Microscope with a 100W Mercury lamp and

a QICAM fast 1394 digital camera from QICAM.

Biofilm growth for all eradication studies. MRSA (6169), E. coli (CD2), P.
aeruginosa (CD1006) and S. epidermidis (7073) bacteria were grown and washed
according to the protocol described above. A seeding solution of 10 cfu/mL of bacteria
was prepared in Tryptic soy broth (TSB). Next, 1 mL of seeding solution was placed in
each well of a 12-well plate and allowed to incubate at 37 °C overnight to form biofilms.
Mature biofilms were washed once with PBS and then replaced with 2 mL of M9 media
before ultrasound (Figure 7.3) or combination (Figure 7.4) treatment. Treated biofilms
were resuspended through vigorous pipetting before transferring to multiple wells of a 96

well plate (90 pL per well, 3-4 replicates per treatment group).

% Toxicity Measurements. %Biofilm Toxicity (100 - %viability) was measured
through the alamarBlue assay using the protocol for suspension cells, provided by the
supplier. Each well was then spiked with 10 pLL of alamarBlue solution and incubated at
37 °C for 30 min. Fluorescence was measured at 560 nm Ex and 590 nm Em. %Bacterial
cell viability was calculated with respect to untreated growth control and then subtracted

from 100 to calculate %Toxicity.
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7.4.3. Co-culture model studies

Fibroblast cell culture. Briefly, NIH-3T3 fibroblast cells (ATCC CRL-1658)
were cultured in DMEM in the presence of 10% fetal bovine serum and 1% antibiotic
solution. 100,000 cells/well were plated on uncoated and collagen-coated wells and

allowed to grow overnight at 37 °C in a humidified atmosphere of 5% CO?2.

Biofilm culture and treatment. E. coli DH5a was to stationary phase overnight
in LB media. Log-phase cultures were then prepared by spiking 160 pL of stationary phase
in 3 mL of TSB media and allowed to grow for 3 hr in a shaker set at 37 °C, 300 rpm. Log-
phase cultures were then washed and isolated per the protocol described above and diluted
to 10® cfu/mL in antibiotic-free cell culture media (10% FBS + DMEM) to prepare seeding
solutions. ImL of the seeding solution was placed in each well of the fibroblast culture and
allowed to incubate for 6 hr at 37 °C to prepare biofilms. Co-cultures were then treated
with either a combination of ultrasound and PNPs, or individual treatments/ control groups
and incubated at 37 °C for 30 min. Negative controls were co-culture groups that were left
untreated. Positive controls (for LDH) were co-culture groups that were treated with Lysis

buffer only.

Cell viability measurement. 3T3 viability was measured using the CyQUANT
LDH cytotoxicity assay kit from Invitrogen. The protocol provided by the supplier was
utilized for this assay. Briefly, the supernatant from treatment and control groups were
harvested and placed in 96 well plates (50 pL x 4 per replicate (3) of each treatment/
control group). To these, 50 uL of the Reaction mixture (prepared by mixing the reactant
and substrate mix) was added and mixed gently. Plates were then incubated for 30 min at

37 °C and finally 50 pL of the stop solution was added to each well. Absorbance of each
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well was measured at 490 and 680 nm. To determine LDH activity, first the absorbance at
680 nm was subtract from the absorbance at 490 nm for each well. %Cytotoxicity was
calculated as 100 x ((Treatment group Activity — Negative Control Activity)/(Positive
Control Activity — Negative Control Activity)). %Cell viability was calculated as 100 -

%cytotoxicity.

Colony counting. After collecting the supernatant for LDH assay, the remaining
solution was homogenized through vigorous pipetting to resuspend the bacteria. Solutions
were then collected and diluted up to 6 times (up to 10 of original solution). 10 pL from
each dilution was then plated onto agar plates and allowed to grow overnight at 37 °C.
Biofilm colonies in each plate were counted and multiplied with the appropriate dilution

factor to calculate cfu/mL of bacteria that survived the treatment.

7.4.4. Ultrasound treatment

Ultrasound treatment was performed using a Vibracell 20 kHz 130-watt ultrasonic
processor (VCX130) with a 6 mm probe at 35% amplitude for all studies. The duration for
each treatment was varied from a range of 60 s to 900 s. It was ensured that at least 2 mL

of media was present in the well prior to treatment.
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CHAPTER 8

SUMMARY AND OUTLOOK

This dissertation is primarily centered around the development of novel polymeric
biomaterials for different biomedical applications. Biomaterials are defined as substances
fabricated to interact with biological systems for a medical purpose - for diagnostic or
therapeutic applications. Consequently, biomaterials must be non-toxic, biocompatible,
and sterile/ easily sterilizable in addition to the specific functions they were designed to
fulfill. Polymers are excellent candidates for fabricating functional biomaterials due to
their wide availability and varied properties. Polymers may be natural or synthetic and are
often fabricated into coatings, foams, scaffolds, gels, composites, and nanomaterials. This
dissertation focused on the development of two types of polymeric biomaterials — protein-
based materials and synthetic polymeric nanoparticles — for varied potential applications
as diagnostic sensors, antimicrobial materials, wound-healing, tissue engineering, and drug
delivery applications. Additionally, the application of exogenous stimuli, such as
ultrasound, in enhancing the activity of these materials was highlighted.

Proteins are biopolymers that naturally occur with a large variety of structural,
chemical, and biological properties that may be harnessed to fabricate functional materials.
Furthermore, they are inherently biodegradable, sustainable, and often biocompatible
making them ideal precursors for biomaterials. However, their high aqueous solubility
often results in poor structural and mechanical stability, significantly limiting their
biomedical applications. Chapter 2 highlights the different fabrication strategies that
stabilize protein films, including our fluorous-curing based thermal treatment approach.

We hypothesized that the fluorous effect will minimize the interaction of the proteins with
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the environment including the fluorous solvent, thereby preventing protein rearrangement
at the interface and forming stable protein films. Our results also indicated that these
protein films retain surface properties of native protein such as charge and hydrophilicity.
Chapter 3 and 4 highlighted two different applications of charged protein films. Chapter
3, described the fabrication of anti-fouling and antimicrobial implant coatings by
translating the anionic charge of BSA into films. This anionic charge resulted in anti-
fouling properties and also enabled loading cationic antibiotics into the BSA coating.
Chapter 4 described the fabrication of charge-patterned surfaces using cationic Lysozyme
and anionic BSA through inkjet printing. These patterned substrates were u in combination
with an acoustic streaming device (GHz Hypersonic Resonator) to size sort microparticles.
This device successfully sorted a small volume of particles with high efficiency and has
potential applications in microfluidic devices and lab-on-a-chip sensors. Chapter 5 focused
on the fabrication of mechanically robust collagen coatings for medical implants. We
hypothesized that thermal treatment of collagen films will result in tighter packing of
collagen fibers, while minimizing denaturation, thereby resulting in enhanced structural,
mechanical, and enzymatic stability. These coatings have also been utilized bone
regenerative coatings for medical implants in a follow-up study. Chapter 6 focused on
developing 2D and 3D cell cultures for ultrasound treatment using collagen-based
materials. Ultrasound has been widely employed in clinic for diagnostic applications and
is now gaining interest for its therapeutic applicability, due to enhanced tissue penetration
and minimal invasiveness. However, development of ultrasound-based therapies have
been limited by the lack of effective in vitro models to study the effects of ultrasound

treatment. We hypothesized that collagen-based materials (films and hydrogels) mimic the
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extracellular matrix in the native tissue absorbing most of the energy from the ultrasound
and preventing uncontrolled cell lysis. These collagen-based cell cultures were then
employed in Chapter 7, where ultrasound treatment was used in combination with
antimicrobial polymeric nanoparticles to elicit synergistic antibacterial therapy against
bacterial biofilm infections. The combination showed significant decrease in bacterial
concentration with minimal damage to healthy mammalian cells and provide an effective
strategy for treating refractive infections while minimizing side-effects. This study also
highlights the application of techniques like ultrasound to enhance the activity of
functional biomaterials.

Future work on protein films should focus on the development of scalable and cost-
effective strategies for a larger variety of protein-based coatings. Furthermore, the
development of 2D and 3D patterning techniques, such as inkjet printing, roll-to-roll
processing, and 3D printing using proteins, will enable the development of hierarchical
protein-based materials and medical devices. Protein-patterned materials may be utilized
for generating complex multi-cell culture by regulating cell adhesion, and have potential
applications in tissue engineering scaffolds, in vitro models for high throughput screening,
and diagnostic sensors. Additionally, the employment of techniques like ultrasound in
combination with biomaterials must be further investigated. In addition to the example
demonstrated in Chapter 7, ultrasound may also be utilized to target and enhance the
penetration of therapeutics into tissues, including the penetration of nanomaterials, where
targeted delivery has posed a significant challenge and has gained significant interest
recently. Ultrasound may also be used as a trigger in combination with responsive

materials, such calcium-crosslinked alginate hydrogels, to release therapeutics
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controllably and locally. An ongoing area of interest is the use of ultrasound as an on-off
switch for bioorthogonal nanocatalysts for on-demand production of drugs. By
encapsulating these nanocatalysts into ultrasound-responsive alginate hydrogels, we can
modulate their catalytic activity, such that the nanocatalysts are only able to catalyze the
activation of drugs when ultrasound is turned on.

Overall, these studies have demonstrated the wide applicability of polymeric
biomaterials and future research will pave the way for sophisticated material design,

development of novel biomedical devices, and clinical translation of therapeutic strategies.
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APPENDIX A

SUPPLEMENTARY INFORMATION: PROTEIN-BASED FILMS AS ANTI-
FOULING AND DRUG ELUTING ANTIMICROBIAL COATINGS FOR
MEDICAL IMPLANTS

Adapted with permission from “Wang, L.-S.;" Gopalakrishnan, S.; " Luther, D. C.; Rotello,
V. M. Protein-Based Films as Antifouling and Drug-Eluting Antimicrobial Coatings for
Medical Implants. ACS Appl. Mater. Interfaces 2021, 13 (40), 48301-48307” Copyright
2021, American Chemical Society.

A.1. Stability of Protein Films
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Figure A.1. Thickness change of FCP films after incubating in PBS for 6 days. No change
in thickness indicates water-stable films.
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A.2. Calibration Curves for Cationic and Anionic Dyes
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Figure A.2. Calibration curves for (a) R123 and (b) FL dyes measured in PSB buffer.
Concetration of R123 and FL in Figure 1(c), Figure 2, Figure 3, and Figure S3 were
measured by plugging the Fluorescence Intensity of each sample (y) into the appropriate
equation to calculate the concentration (x).

A.3. Loading and Release of Dyes from BSA and Lyso Films
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Figure A.3. (a) Cumulative release % of R123 (loaded at pH 7 and 4) and FL from BSA
films. The trend shows that normalized release behavior is similar for different conditions.
(b) Cumulative release (%) of R123 from BSA films at different salt concentrations over
50 hr. Release behavior demonstrates that most of the dye is released within the first 10 h
at higher salt concentrations, however, is slow at low salt concentration. The sudden
increase at 25 hr may be attributed to lack of data points between 25-50 hr and error
resulting from evaporation of supernatant and photo-bleaching of dye.
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Figure A.4. (a) Loading and (b) release behavior of dyes in Lysozyme films. As expected,
higher loading of anionic FL was observed in Lyso films as compared to cationic R123.
The overall charge of Lysozyme is estimated as +8 1 while that of BSA is estimated at -18
2 at a pH of 7 which may be the primary cause of higher loading of R123 in lysozyme as
compared to FL in BSA.

A 4. Colistin Loading in BSA Films

Sample Intensity Ratio | Concentration St. Dev

Thickness (Colistin/ of Colistin (ug/ | Intensity St. Dev
(nm) Vancomycin) mL) Ratio Concentration
85 1.01550713 507.7535652 0.264131724 132.065862
180 1.684150181 842.0750904 0.155603451 77.80172543
450 1.702795774 851.3978868 0.256676832 128.3384161

Table A.1. Calculations for colistin loading shown in Figure 4c. Intensity ratio and
standard deviation were obtained through LDI-MS. BSA samples of different thickness
were loaded with colistin and allowed to release for 15 h. Following this, the supernatant
was collected and spiked with 500 pg/ mL of Vancomycin solution. Intensity ratio and
standard deviation were obtained using three replicates and multiplied with the
concentration of vancomycin to obtain the concentration of colistin
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A.5. Calculation of Inhibition Zone of Colistin-Loaded BSA Films with Different
Thicknesses

Inhibition Area -A | Sample Area-B | Normalized
(Black) (Red) Inhibition
Zone (A/B)
1039.03 200.50 5.18
1389.35 596.13 2.33
1786.37 710.95 2.51
1657.80 514.04 3.22

Figure A.5. Calculation of Normalized Inhibition zone for colistin-loaded BSA films of
varying thicknesses. Inhibition area (marked in black) and area of the samples (Marked in
red) were measured in pixels on Adobe Illustrator. Normalized inhibition zone (A/B) was
then calculated as shown in the table. Experiment was repeated 3 times.

A.6. Supplementary References

1. Steudle, A.; Pleiss, J. Modelling of Lysozyme Binding to a Cation Exchange Surface
at Atomic Detail: The Role of Flexibility. Biophys. J. 2011, 100 (12), 3016.

2. Fologea, D.; Ledden, B.; McNabb, D. S.; Li, J. Electrical Characterization of Protein
Molecules by a Solid-State Nanopore. Appl. Phys. Lett. 2007, 91 (5),053901-1.
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APPENDIX B

SUPPLEMENTARY INFORMATION: HYPERSOUND-ASSISTED SIZE
SORTING OF MICROPARTICLES ON INKJET-PATTERNED PROTEIN
FILMS
Reproduced with permission from “Gopalakrishnan, S.; Pan, S.; Fernandez, A.; Lee, J.;
Bai, Y.; Wang, L.-S.; Thayumanavan, S.; Duan, X.; Rotello, V. M. Hypersound-Assisted

Size Sorting of Microparticles on Inkjet-Patterned Protein Films. Langmuir 2021, 37 (8),
2826-2832” Copyright 2021, American Chemical Society.

B.1. Optical micrographs of printed protein pattern
10% w/w of protein solution (in 20% v/v ethanol in water) was loaded into magenta
and yellow cartridges for printing. Optical micrograph shows protein droplets on Si surface

post printing. Resolution of pattern is~ 5 um.

Figure B.1. Schematic representation of printing protocol and (right) optical micrograph
of printed protein post PFHP treatment. Scale bar is 100 um.
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B.2. Silica Microparticle Functionalization Scheme
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Figure B.2. Synthesis scheme for Si-COOH and DLS of 2 um particles post -NH,
functionalization as well as post -COOH functionalization. NO significant changes in size
is observed due to treatment. Particles remain stable through treatment.
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Figure B.3. Zeta potential of unfunctionalized SiO, microparticles of 3, 10 and 20 um.
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B.3. Surface functionalization of silica particles with -NH>

500 mg of 3 um, 10 um and 20 um SiO, particles were charged separately in 2 neck
round-bottom flasks. 5 mL toluene was added to the above and dispersed by sonication for
30 min. The dispersion was purged with Argon for 10 minutes, followed by the addition of
1.75 mL (3-Aminopropyl)triethoxysilane (APTES). The mixture was refluxed at 110 °C
under inert condition for 12 h.

The mixture was then centrifuged at 4.4 rpm for 1 h, the precipitate collected, re-
dispersed into 25 mL dry toluene, sonicated for 20 min and centrifuged again at 4.4 rpm
for 20 min. The precipitate was washed with ethanol 2X and the final product lyophilized.

Figure S2 shows zeta potential of particles after amine functionalization.

3 pm Si0,-NH, Particles

300000
£ 200000
3
S
2
100000
o L— e s = E——
100 0 100 n
Apparent Zeta Potential (mV)
10 um SiO,-NH, Particles
800000
8
B 400000
200000
0
100 0 100 P
Apparent Zeta Potential (mV)
20 ym SiO,-NH, Particles
30000
a
g 20000
S
2
10000
0 b— —l N\ N

-100 0 100 200
Apparent Zeta Polential (mV)

Figure B.4. Zeta potential of Si0,.NH, microparticles of 3, 10 and 20 um. Slight positive
shift observed due to amine functionalization.
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B.4. Surface functionalization of silica particles with -COOH

120 mg of SiO,- NH, was dispersed in 6 mL THF and the suspension sonicated for
30 minutes. 420 mg succinic anhydride was added in 2 portions and stirred at 0 °C for 2 h,
followed by stirring at room temperature overnight.

10 mL distilled water was then added to quench unreacted succinic anhydride,
sonicated for 15 min and centrifuged at 4.4 rpm. for 1 h. The precipitate was re-dispersed
in THF and centrifuged again for 15 min at the same rpm. The precipitate was collected,

re-dispersed in water and centrifuged for 30 min, and lyophilized.
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Figure B.5. Zeta potential of Si0,.NH,-COOH microparticles of 3, 10 and 20 um. Negative
shift observed due to carboxylate functionality.
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B.5. Calculating efficiency of sorting

As shown in Figure 4 in the manuscript, several optical micrographs were obtained
before and after hypersonic treatment in three regions of the surface — Lyso, BSA and drop
area. Number of particles of 20 and 3 um were manually counted in the areas of interest
before and after treatment in ~3 images for each area. Table S1 summarizes the average
number of particles rounded to the smallest integer observed in each region. Efficiency was
calculated as follows —

% Sorting ef ficiency of 3 um particles

Number of 3 um particles in drop area
_ f3ump 14 < 100

Total number of particles
% Sorting ef ficiency of 20 um particles

Number of 20 um particles in lyso
_ f20ump SO 100

Total number of particles
Sorting efficiency was calculated to be 95.08 % for 3 um particles and 91.95% for

20 um particles.

Drop Lyso BSA
Area
Total # of | 122 87 0
particles
20 pm 6 80 0
3 um 116 7 0

Table B.1. Average number of particles rounded to the smallest integer for each region.
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B.6. Translocation of silica particles of other sizes

Size-dependent translocation was also tested on particles of other sizes — 7 and 50
pm Si0,-COOH particles. As seen in Figure S7 the drag force exerted by microvortices on
both 7 and 50 wm particles can overcome the non-specific interactions with BSA but not

the electrostatic interaction with Lyso. Magnification of 5X was used to analyze both

Figure B.6. Effect of hypersonic treatment on (a) 7 wm particles and (b) 50 pum particles.
Drag force exerted due to hypersonic treatment is able to overcome non-specific interaction
with BSA in the case of both particles. Scale bar is 160 um.

images.

Before

After
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APPENDIX C

SUPPLEMENTARY INFORMATION: HYPERSOUND-ASSISTED SIZE
SORTING OF MICROPARTICLES ON INKJET-PATTERNED PROTEIN
FILMS

Reproduced with permission from “Zhang, L.;" Gopalakrishnan, S.;" Li, K.; Wang, L.-S.;
Han, Y.; Rotello, V. M. Fabrication of Collagen Films with Enhanced Mechanical and
Enzymatic Stability through Thermal Treatment in Fluorous Media. ACS Appl. Mater.
Interfaces 2020, 12 (5), 6590—6597” Copyright 2020, American Chemical Society.

C.1 Morphological characterization of collagen films post-treatment.

Figure C.1. Surface morphology image of Col-1 treated at 180 °C is in agreement with the
results obtained using AFM. The surface and cross-section morphologies of FC were
examined by a field emission scanning electron microscope (FESEM, SU6600, Hitachi,
Japan) operating at 5 kV.
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Figure C.2. Cross-sectional SEM images of SC, FC75 and FC180. It can be seen that the
thickness of SC and FC75 are similar while that of FC180 is significantly lesser. Scale bars
are 200 nm. Results are in agreement with ellipsometry results in Figure 3(a).

Figure C.3. 3D AFM topographical images of (a)FC180 and (b) AC180
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C.2. Structural Integrity of collagen films treated at different temperatures
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Figure C.4. Stability of heat-treated collagen films at different temperatures. At lower
temperatures, thickness of collagen film rapidly reduces post-treatment. FC180 remains
stable and shows no swelling behavior while AC180 shows significant swelling after 72 h.
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Figure C.5. CD spectra of SC, FC180 and AC180 after storing at 4 °C for 4 days. Results
indicate no significant change or denaturation after incubation. This indicates that post-
treatment there is no loss of structural features during swelling studies and is consistent
with our explanation that loss of structure is prevented by PFHP treatment.
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C.3. Cohesion strength of collagen films post treatment at different temperatures
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Figure C.6. Ultrasonic treatment of heat-treated films at different temperatures. Films
treated at higher temperatures show greater cohesion strength.

C.4. XPS surface characterization for detecting traces of PFHP post treatment

The chemical species of the coatings were examined with a monochromatic X-ray
photoelectron spectroscope (XPS; Axis Ultra, UK). In XPS tests, Mg-Ka radiation was
used as an X-ray source and the photoelectron take-off angle was set at 45°. The obtained

XPS spectra were corrected to the C 1s (hydrocarbon C/C, C/H) contribution at the binding

energy of 284.6 eV.
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Figure C.7. XPS spectra of AC180 and FC180: (a) survey spectra, (b) high-resolution

spectra of F1s. The F peak observed in XPS is beyond the limit of detection, indicating that

there is no residual F on surface of PFHP treated samples
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APPENDIX D

SUPPLEMENTARY INFORMATION: ULTRASOUND-ENHANCED
ANTIBACTERIAL ACTIVITY OF POLYMERIC NANOPARTICLES FOR
ERADICATING BACTERIAL BIOFILMS

D.1. Synthesis and characterization of PONI-C11-TMA

The protocol described in ref 1 was followed for the synthesis of PONI-C11-TMA,
as depicted in Figure S1(a). Briefly, Monomer 1 (1 mg, 2.51 mmol, 1.0 eq) and 4 mL of
DCM were added to a 10 mL pear-shaped air-free flask. In a separate flask, Grubbs 3rd
generation catalyst (34.16 mg, 0.038 mmol, 0.02 eq) and | mL DCM were added. Both
flasks were sealed with septa and attached to a Schlenk nitrogen/vacuum line. Both flasks
were freeze pump-thawed three times. After thawing, Grubbs 3rd generation catalyst was
syringed out and added to 1 and allowed to react for 10 min. Following this, ethyl vinyl
ether (200 puL) was added and allowed to stir for 15 min. Afterwards, the reaction was
diluted to twice the volume and precipitated into hexane (300 mL). The precipitated
polymer 2 was filtered and directly used for the next reaction. Polymer 2 (50 mg) was
added to 20 mL vials with an excess of trimethylamine (10 mL of 1 M in THF), purged
with nitrogen, and stirred for 30 min at 80 °C. Half of the THF was evaporated by this time
and replaced with methanol, to redissolve the polymers. The reaction was then allowed to
proceed overnight at 50 °C. Next, the resultant product was washed with hexanes twice
and dissolved into a minimal amount of water. The polymers were added to 10,000 MWCO
dialysis membranes for purification and allowed to stir for 3 days, changing the water

periodically. The polymers were filtered through PES syringe filters and freeze-dried to
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yield polymer 3. Polymer 3 was then dissolved in Milli-Q water to prepare PNP solutions

for further experiments.
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Figure D.1. Synthesis scheme for PONI-C11-TMA. Protocol and figure adapted with

permission from ref 1.
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Figure D.2. (a) Particle size of the self-assembled PNPs formed by PONI-C11-TMA and
(b) PNP particle size post ultrasound treatment, as measured by dynamic light scattering.
The PNPs form particles of ~6 nm in size and the size does not change due to ultrasound
treatment, indicating stability of the particles.

D.2 .Thermal Effect of Ultrasound Treatment

Thermal effect of ultrasound is evaluated by measuring the changes in temperature
during ultrasound treatment. 2 mL of milliQ water was placed in a vial and treated with
ultrasound (20 kHz; 130 W at 35% amplitude) for up to 600 s and the temperature was

recorded at different intervals. Although ultrasound treatment results in some increase in
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temperature from 25 °C to 40 °C, the thermal effect alone cannot be responsible for
antimicrobial activity as significantly higher temperatures and longer durations of heat are

required for eradicating bacteria.?
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Figure D.3. Changes in temperature during ultrasound treatment in 2mL of water

Antibacterial Activity of Ultrasound and PNPs

D.3. Antibacterial Activity of Ultrasound and PNPs

Bacterial susceptibility towards antimicrobial PNP treatment was evaluated by
increasing the duration between ultrasound and PNP treatment. Mature E. coli biofilms
were first treated with 150 s of ultrasound and allowed to rest at room temperature for
varying durations from 0 - 60 min. Following this, 0.125 mg/mL PNP solution was added
to each well. Biofilms were then incubated at 37 °C for 30 min before measuring %biofilm
viability using alamarBlue assay. A significant reduction in biofilm viability was observed

due to the combination treatment, as compared to US alone, even when there was a 30 min
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delay between US and PNP treatments, indicating that biofilms remained susceptible up to

30 min after US treatment.
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Figure D.4. Prolonged bacterial susceptibility post ultrasound treatment. Grey bar
represents untreated growth control (GC), green bar represents ultrasound treatment only
for 150 s, and red bars represent time delay between ultrasound and PNP treatment. Error
bars represent standard deviation (n=3). *, ** *** = P values < 0.05, 0.01, 0.001,
respectively calculated by a two-tailed test.

Antibacterial efficacy of combination treatment was evaluated by varying both -
the concentration of PNPs from 0 - 0.25 mg/mL, and duration of US treatment from 0 —
600 s. Following this, %biofilm viability was measured by alamarBlue assay and %biofilm
toxicity was reported as shown below. The degree of synergy was calculated for each
combination through the Bliss independence model of synergy. ! Briefly, the expected
effect for each combination was defined as E,,, = E, + E,, — E,E,, wherein E, (%biofilm
Toxicity/100) is the probability of bacterial death from PNPs alone, and E, is the
probability of bacterial death from US alone. The experimentally observed effect E .y, for
each combination is compared to E,, and the ratio of E,y,: Ey, is then calculated. The

combination xy is considered synergistic if Egyp,: Eyy, > 1.1, antagonistic if Egyp: Exy <

xy

196



0.9, and additive if 0.9 < E,y: E,, < 1.1. Conditions marked NaN denote situations

where there was an overgrowth of bacteria due to hormesis.
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Figure D.5. Bliss synergy scores for combination treatment of PNPs and ultrasound. The
combination is considered additive for scores between 0.9-1.1, synergistic for scores >1.1

and antagonistic for scores <0.9.

D.4. Effect of Ultrasound on Fibroblast cells

Ultrasound treatment is expected to produce excessive mechanical stress on cells
in an in vitro culture due to the absence of the extracellular matrix. [} Similar to bacteria,
ultrasound is expected to lead to cell membrane disruption due to the mechanical
perturbations and cavitation associated with ultrasound. However, in the native tissue
environment most of this energy is absorbed by the extracellular matrix thereby protecting
the cells. [} Therefore, a collagen-based matrix was utilized to mimic this environment
during the co-culture treatments shown in Figure 5. Rat-tail collagen 1 solution of
concentration 1 mg/mL was utilized to coat the bottom of 12 well plates prior to cell
culture. 1 mL of the collagen solution was placed into each well and incubated at 37 °C for
1 hr to allow for the formation of stable coatings. Excess collagen solution was then
removed, and the plates were washed with PBS and utilized immediately for culturing cells.
3T3 fibroblast cells were cultured in DMEM in the presence of 10% fetal bovine serum

and 1% antibiotic solution. 100,000 cells/well were plated on uncoated and collagen-coated
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wells and allowed to grow overnight at 37 °C in a humidified atmosphere of 5% CO2. The
next day each well was washed once with PBS and replenished with 2 mL of cell culture
media and treated with varying durations of ultrasound from 0 to 600 s. Treated wells were
then incubated at 37 °C for 30 min before treating with alamarBlue assay to measure the
cell viability (summarized in Figure S6). As seen in Figure S6, coated collagen plates show
significantly higher cell viability as compared to uncoated plates, post 75 and 150 s of
ultrasound treatment. This is expected to increase further in the presence of a biofilm in a
co-culture model (As seen in Figure 5) as the biofilm matrix provides an additional layer

of protection to the cells.
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Figure D.6. Fibroblast viability due to collagen. Collagen coating (orange) shows 50% cell
viability after 75 s and 30% viability after 150 s ultrasound treatment. By comparison, only
10% of the cells in the uncoated plates survive 75 s of ultrasound treatment.
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