B-Lactamase-Degradable Biomaterials for the Controlled Release of Therapeutics

By
Cassi LaRose

B.S., Michigan State University, 2017

A thesis submitted in partial fulfillment of the requirements for the degree of Master of

Science in Biomedical Engineering at Brown University.

PROVIDENCE, RHODE ISLAND

February 2023



AUTHORIZATION TO LEND AND REPRODUCE THE THESIS

As the sole author of this thesis, I authorize Brown University to lend it to other

institutions or individuals for the purpose of scholarly research.

Date:

Cassi LaRose, Author

I further authorize Brown University to reproduce this thesis by photocopying or
other means, in total or in part, at the request of other institutions or individuals for

the purpose of scholarly research.

Date:

Cassi LaRose, Author



This thesis by Cassi LaRose is accepted in its present form by the Graduate Program in
Biomedical Engineering at Brown University as satisfying the thesis requirements for the

degree in Master of Science.

Date:

Anita Shukla, Ph.D., Advisor
Recommend to the Graduate Council

Date:
Edith Mathiowitz, Ph.D., Reader

Date:
Louis B. Rice, M.D., Reader

Approved by the Graduate Council
Date:

Marissa Gray, Ph.D., Biomedical Engineering
Master’s Program Director



Curriculum Vitae

Cassi LaRose

EDUCATION

M.S. Biomedical Engineering, Brown University
Advisor: Anita Shukla, Ph.D.
Thesis: f-Lactamase-Degradable Biomaterials for the Controlled Release of Therapeutics

B.S. Chemistry, Michigan State University

HONORS AND AWARDS
Herbert T. Graham Scholarship, Michigan State University

RESEARCH AND PROFESSIONAL EXPERIENCE

M.S. Candidate, Biomedical Engineering, Brown University 2019 —

Advisor: Anita Shukla, Ph.D.
e Design and fabricate bacteria-responsive biomaterials for on-demand treatment of
drug-resistant infections
o Synthesize novel B-lactamase-responsive polymer and antibiotic conjugates and
investigate tunability of release kinetics to inform therapeutic dosing of
bacteria-responsive biomaterials

2023

2017

2016

2022

o Investigate efficacy of antimicrobial bacteria-responsive biomaterials against clinical

bacterial isolates

Assistant Research Technician, Van Andel Research Institute 2018 —

Advisor: Ning Wu, Ph.D.

2019

e Study the regulation of metabolites and subsequent signaling responses to understand

how nutrients can affect onset of diseases (i.e., diabetes)
e Identify structural changes in the glucose transporter family proteins to deduce the

contribution to altered glucose and lipid metabolism utilizing microscopy approaches

e Develop analytical assays to determine protein-substrate binding kinetics of glucose

family transporter proteins in wild-type and disease states

Research Assistant & Laboratory Manager, Karmanos Cancer Institute 2017 —

Advisor: Julie Boerner, Ph.D.

2018

o Study the mechanisms of drug resistance in prostate, breast, and ovarian cancers in vitro

utilizing transfection protocols to identify potential tumor suppressor genes

e Investigate combination drug therapies to overcome cisplatin resistance in ovarian cancer

cell isolated from patients



Undergraduate Research Assistant, Michigan State University
Advisor: Xuefei Huang, Ph.D. 2016 — 2017
e Synthesize and modify dextran microparticles for delivery of ovalbumin peptide to
enhance cytotoxic T lymphocyte (CTL) activation in vivo
e Analyze murine tissue samples for the presence of administered peptides via confocal
microscopy, flow cytometry, and CTL activity assays

Advisor: Robert LaDuca, Ph.D. 2015 -2016
e Synthesize novel organometallic coordination compounds
e Identify structural and physical properties of newly synthesized materials
e Perform X-ray crystallography, IR, fluorescent, and thermal diagnostics

PEER-REVIEWED PUBLICATIONS
(*corresponding author, “authors contributed equally)

1. Alkekhia, D., LaRose, C., and Shukla, A.* B-lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release. ACS Appl Mater Interfaces.
2022. [doi.org/10.1021/acsami.2c02614]

2. Dykstra, H., LaReose, C., Fisk, C., Walhart, A., Meng, X., Zhao, G., and Wu, N.* TXNIP
interaction with GLUT1 depends on PI(4,5)P,. Biochim Biophys Acta Biomembr. 2021.
[doi.org/10.1016/j.bbamem.2021.183757]

3. Dykstra, H., Fisk, C., LaRose, C., Waldhart, A., Meng, X., Zhao, G., and Wu, N.* Mouse
long-chain Acyl-CoA synthetase 1 is active as a monomer. Arch Biochem Biophys 2021.
[doi.org/10.1016/j.abb.2021.108773]

4. LaReose, C. and LaDuca, R.* Luminescent cadmium 1,3-adamantanedicarboxylate
coordination polymers with diverse topologies depending on dipyridylamide ligands.
Inorg Chim Acta. 2017. [doi.org/10.1016/j.ica.2017.02.015]

5. Travis, J.,” LaRoese, C., and LaDuca, R.* Control of dimensionality and topology in
nickel and cobalt coordination polymers containing adamantine-based dicarboxylate and
long-spanning dipyridyl ligands. Inorg Chim Acta. 2017.
[doi.org/10.1016/j.ica.2016.10.043]

6. LaReose, C. and LaDuca, R.* Effect of pyridyl donor disposition and ligand flexibility on
dimensionality in luminescent and nitrobenzene-detecting cadmium
adamantanedicarboxylate  coordination  polymers. [norg Chim  Acta. 2016.
[doi.org/10.1016/].ica.2016.07.027]

CONFERENCE ABSTRACTS
e LaRose, C., Alkekhia, D., and Shukla, A. B-lactamase responsive hydrogels for
bacteria-triggered antibacterial drug delivery. Carnegie Mellon Forum on Biomedical
Engineering, virtual, Sep. 2020.
e LaRose, C., Shim, H., and Huang, X. Cytotoxic T Lymphocyte (CTL) Therapy Against
Pre-Established Tumors. Mid-Michigan Symposium for Undergraduate Research
Experiences, Jul. 2016.


https://www.sciencedirect.com/science/article/pii/S0003986121000230
https://www.sciencedirect.com/science/article/pii/S0003986121000230

e LaRose, C. and LaDuca, R. Molecular Structures and Explosive-Residue Detecting
Ability of Crystalline Cadmium Adamantanedicarboxylate Coordination Polymers.
Michigan State University Undergraduate Research and Arts Forum, Apr. 2016.

TEACHING AND MENTORSHIP
Courses Instructed:
e CEEN 0915: Biomedical Engineering: The Smart Design of Medical Implants & Devices
Summer 2021 (virtual; 25 secondary school students)
e CEEN 0915: Biomedical Engineering: The Smart Design of Medical Implants & Devices
Summer 2021 (virtual; 28 secondary school students)
e CEEN 0915: Biomedical Engineering: The Smart Design of Medical Implants & Devices
Summer 2020 (virtual; 20 secondary school students)

Teaching Assistantship:
e ENGN 1510: Nanoengineering and Nanomedicine
Spring 2022 (8 undergraduate, 6 graduate)
e ENGN 1490: Biomaterials
Fall 2020 (virtual; 31 undergraduate, 11 graduate)

Mentorship:
e Kevin Kwon, B.S. in Biochemistry/Computational Biology, Class of 2025
e Alec McCall, Ph.D. in Biomedical Engineering, Class of 2026
e Alison M. Veintimilla, M.S. in Biotechnology, Class of 2022

AFFILIATIONS

Alpha Chi Sigma Professional Chemistry Fraternity, Alumnae



Acknowledgements

It has been an honor to continue my education under the guidance of Dr. Anita
Shukla and all of her past and present lab members. I thank Dr. Shukla for offering me
the chance to explore the world of engineering, given no past experience, and for training
me to be a better scientist and writer. I have learned more than I thought possible and
grown tremendously in the past few years and it could not have been done without
support from the entire lab. I would like to specifically thank Shukla Lab alumni Dahlia,
Chao, and Yingying for their patience and time in teaching me new techniques, concepts,
and skills. I would like to thank many current lab members - Ronnie, Carly, Alec, Kayla,
Akram, Zoey, and Kevin - for all of their support and discussions about science or
otherwise. It was great to learn so many new things from the Shukla Lab and that is
something [ will take with me and never forget. I would also like to thank my committee
members Dr. Vicki Colvin, Dr. Edith Mathiowitz, and Dr. Louis Rice for their expertise,
generosity, time, and advice in helping me become a better researcher. To my many other
friends in the Brown community, I am grateful for each of you making this experience
worthwhile.

I would like to thank my family and friends, especially my parents, Mike and
Holli, for unconditionally supporting my life goals and helping me find the means to do
so. I would like to thank my brother, Michael, for always bringing joy and laughter and
for teaching me that no matter what life throws your way, it will always strengthen your
outlook. I truly would not be the woman I am today without inspiration from the
compassionate, independent and strong women in my life. To my mom, grandma, aunt
Jessica, and aunt Mary - I thank you all for raising me to stand for what I believe in and
to always lead with compassion and humility. To my cousin Serena - you have been the
rock and glue of my life and I thank you for continuously standing by me and always
making me laugh. I also wouldn’t be the woman I am today without the support of the
amazing men in my life. To my dad, brother, cousin John, uncle Adam, and uncle Joe - I
thank you for raising me to be strong, independent and understanding and for always
providing wisdom in life’s toughest moments. Last but not least, to my friends Rachel
(Lazzara) Meharg, Rachel (Rick) Cleminson, Dalia Khader, Dom Milano, Emma
Sullivan, and Sohni Shaikh - each of you bring so much joy, laughter and wisdom to my
life and T am so grateful for your unconditional support over the years and the years to
come.

I am forever grateful to everyone who helped me make this possible.

With the greatest appreciation,

Cassi



Table of Contents

Curriculum Vitae
Acknowledgements
Abstract

Chapter 1: Introduction
1.1 The Antibiotic Crisis and its Global Impact
1.2 Passive Drug Delivery Approaches for Bacterial Infection Prevention and Treatment
1.3 Smart Antibacterial Drug Delivery Systems

1.4 Our Approach: Bacteria-Degradable Drug Delivery Systems for On-Demand Infection
Control

Chapter 2: Methods
2.0 Materials and Instrumentation
2.1 Synthesis of Compound 1
2.2 Synthesis of Compound 2
2.3 Synthesis of the Responsive Crosslinker (Compound 3)
2.4 Equilibrium Swelling and Rehydration of Hydrogels
2.5 Hydrogel Compression Testing
2.6 Examining Hydrogel Crosslinking Efficiency
2.7 Hydrogel Fabrication
2.8 Examining Hydrogel Response in f-Lactamase Enzyme Solutions
2.9 Modeling Responsive Hydrogel Degradation Kinetics
2.10 Examining In Vitro and Ex Vivo Hydrogel Response to Bacteria
2.11 Examining Responsive Hydrogel Cytocompatibility and Hemolytic Activity
2.12 Statistical Analyses

Chapter 3: Results and Discussion
3.1 Fabrication and Characterization of Hydrogels
3.2 Hydrogel Degradation and Nanoparticle Release in f-Lactamases
3.3 Effect of Hydrogel Polymer Concentration on Degradation
3.4 Hydrogel Degradation and Nanoparticle Release in B-Lactamase-Producing Bacteria

3.5 Cytocompatibility and Hemolytic Activity of B-Lactamase-Degraded Responsive
Hydrogels

Chapter 4: Conclusions and Scientific Impact
Chapter 5: Future Directions
Appendices

Bibliography

11

12
12

19

20

22
22
24
25
25
26
27
27
28
28
29
30
31
33

34
34
39
42
44
48
51
53
64

82



Table of Tables

Table 1. Examples of naturally derived and synthetic antibiotics...........................
Table 2. Physical properties of bacteria-responsive and non-responsive hydrogels......

Table 3. Bacteria strains tested with bacteria-responsive and non-responsive hydrogels



Table of Figures

Figure 1. The mechanism of hydrolysis of P-lactam antibiotics by bacterial B-lactamase

<3174 74 1 1 N 14
Figure 2. Hydrolysis of a cephalosporin prodrug............cooeveiviiiiiiiiiiiiiiiiieeeeeeeen, 21
Figure 3. Physical Properties of bacteria-responsive hydrogels..............c.c.oooiiiiiiiii 37

Figure 4. Effect of encapsulated nanoparticle diameter on P-lactamase-triggered hydrogel
degradation and nanoparticle release from P. aeruginosa............couvevvieiiiiiiiiiiiiiieiininnnnn 40

Figure 5. Effect of encapsulated nanoparticle diameter on hydrogel degradation and nanoparticle
release in B-lactamases from E. CloACae. ..........c.oouiiiiiiiiiiii i 41

Figure 6. Modeling hydrogel mass loss over time assuming surface erosion of hydrogels in
B-lactamases from P. aeruginosa..........c..ouiuiu it 43

Figure 7. Responsive hydrogel degradation by p-lactamase-producing bacteria on agar............46

Figure 8. Responsive hydrogel degradation by B-lactamase-producing bacteria on ex vivo porcine

SKITL. L 48
Figure 9. Cytocompatibility of hydrogel degradation products..............cccoeevvviiiiiiinninnnnn. 50
Figure 10. Pilot studies on the in sifu formation of bacteria-responsive nanogels................... 56
Figure 11. Synthesis of a bacteria-responsive vancomycin conjugate. ............coeveeuereenenennen. 58

Scheme 1. Schematic representation of [-lactamase-responsive and non-responsive
076 07 (=] (P 35

10



Abstract

Antibiotic resistance and the emergence of multidrug resistant bacteria poses a great
public health threat and complicates treatment of infections. One of the most impactful
mechanisms of bacterial resistance is the production of B-lactamase enzymes; these
enzymes are produced by a broad range of bacteria and hydrolyze the B-lactam ring in
commonly prescribed antibiotics, thus thwarting their efficacy. In this work, we
developed hydrogels that macroscopically degrade in the presence of B-lactamases and
B-lactamase-producing bacteria to serve as a platform for bacteria-triggered drug
delivery. Within the hydrogel backbone is a B-lactamase-cleavable crosslinker which was
functionalized on both ends with maleimides that undergo Michael-type addition with
thiol-terminated, multiarm poly(ethylene glycol) macromers. The responsive behavior of
these hydrogels was demonstrated in vitro in solutions of [-lactamases and
B-lactamase-producing bacteria and in an ex vivo infected porcine skin model. To model
controlled release of encapsulated cargo, fluorescent polystyrene nanoparticles were
incorporated into the hydrogel. We observed highly linearly correlated degradation and
nanoparticle release kinetics, thus demonstrating a bacteria-responsive, controlled release
mechanism of our hydrogel platform technology. Non-responsive hydrogels lacking the
B-lactam crosslinker remained stable in -lactamases and B-lactamase-producing bacteria
and exhibited no nanoparticle release. Altogether, these bacteria-responsive hydrogels
have the potential to be used for site-specific, on-demand delivery of encapsulated
antibacterial therapeutics to provide effective treatment, reduce harmful off-site toxicity,

and potentially mitigate further antibiotic resistance development.

11



Chapter 1: Introduction

1.1 The Antibiotic Crisis and its Global Impact

Over the past half century, countless lives have been saved and many deaths have been
prevented through the use of antibiotics, particularly naturally derived antibiotics.! The
origin of naturally occurring antibiotics was attributed to an accidental discovery of
penicillin in 1928; a groundbreaking event that changed the field of medicine. Penicillin
was discovered by observing the inhibition of Staphylococcus bacterial growth on a
laboratory culture plate due to the presence of an unknown mold.>* A little over a decade
later, scientists were able to successfully extract and isolate penicillin from the mold and
use it clinically for treating individuals presenting microbial infection. Penicillin quickly
gained attention for its ability to effectively kill and protect humans and animals against
pathogenic Staphylococcus and Streptococcus species.” This groundbreaking discovery
was one of the key factors that led to the “golden age” of antibiotic drug discovery

research.

The golden era of antibiotic drug discovery research in the mid-1900s led to the rapid
identification of over 20 classes of naturally produced antibiotics originating from
bacterial and fungal sources (Table 1). Synthetic antibiotics were also developed, owing
inspiration to synthesis processes of naturally derived products (i.e., azoles).* The

excitement surrounding antibiotic drug discovery research soon came to a head as

12


https://www.zotero.org/google-docs/?0xYnhX
https://www.zotero.org/google-docs/?hySAmr
https://www.zotero.org/google-docs/?ztuUcf
https://www.zotero.org/google-docs/?YbbUeL

scientists were unable to continue identifying novel classes of antibiotics, which later

proved to be a major hurdle in drug discovery research and one that is still a threat today.

Table 1. Examples of bacterial, fungal, and synthetically produced antibiotics discovered
during the golden age of antibiotic discovery. Adapted from a prior report.*

Bacteria Fungal Synthetic
Carbapenems Penicillins Azoles

Mupirocin Cephalosporins Quinolones
Glycopeptides Fusidic acid Nitrofurans
Tetracyclines Pleuromutilins Sulfonamides

Alongside this, there was a drastic overuse of antibiotics which quickly gave rise to
widespread antibiotic resistance. Antibiotic resistance is the generalized term for a
microbe’s ability to evade killing by antibiotics.” In light of these issues, research then
began focusing on developing antibiotic derivatives, mostly through chemical
modification of existing antibiotics as a means to expand the antibiotic pipeline and
potentially improve efficacy against resistant bacteria.® Though great strides have been
made with the development of these derivatives, many have shown short-term potency

and eventually succumb to the mechanisms of resistance bacteria possess.’

Both gram-negative and gram-positive bacteria possess mechanisms to negate antibiotics’
effects. In example, many bacteria have the capability to enzymatically modify antibiotics
by altering functional groups or even enzymatically break down antibiotics.” B-lactamases
are one of the most notable enzymatic drivers of resistance; these enzymes are produced

by a range of bacteria and specifically target the P-lactam ring in commonly used

13
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antibiotics (i.e., Penicillin, carbapenems, etc).® Their mechanism of action relies on
initial complexation of the antibiotic in the active site of the B-lactamase enzyme leading
to hydrolysis of the amide bond in the B-lactam ring (Figure 1).° The hydrolysis of the
B-lactam ring renders the antibiotic ineffective as the active component of B-lactam
antibiotics is the ring itself. B-lactam antibiotics have been the largest group of antibiotics

prescribed and the resistance against them remains a critical challenge to overcome.’

Class A, C, and D B-lactamases
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Figure 1. The mechanism of hydrolysis of B-lactam antibiotics by bacterial -lactamase
enzymes. Adapted from a previous report.’

Bacteria have also adapted mechanisms to actively remove antibiotics utilizing efflux
pumps once it detects the presence of antibiotics.” Efflux pumps are primarily porins that
span the cell membrane to actively remove a drug or antibiotic that has entered into the

bacterial cytoplasm.'” The last main mechanism of resistance bacteria possess is the
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ability to modify an antibiotic target. In example, certain bacteria have developed
mutations in genes (i.e., mprF gene) which alter the surface charge and prevent an

antibiotic from targeting the cell membrane. '

The threat of bacterial resistance is an ongoing battle and continues to affect the lives of
millions of individuals. In the US alone, it is estimated that nearly 2.8 million
drug-resistant infections occur annually with a mortality rate of roughly 1.25%, or 35,000
deaths."" These numbers are projected to increase more than 100-fold if no action is taken
to mitigate overuse and misuse of antibiotics and other antimicrobial agents.'? In addition
to properly prescribing antibiotics, it is also critical to tightly control the administration
to the site of infection as a means to reduce toxicity and resistance development
potential.’* Altogether, the stagnant development of new antibiotics and focus on
developing antibiotic derivatives underscores the need for alternative methods and

therapies to effectively control drug-resistant infections.'*

1.2 Passive Drug Delivery Approaches for Bacterial Infection Prevention and
Treatment

Bacterial infections are highly prevalent worldwide and with the continued development
of antibiotic resistance, are becoming more deadly. Current treatment approaches for
individuals with an infection commonly include oral or intravenous antibiotics depending
on the location and severity of infection.'>'® Oftentimes, antibiotics will be prescribed
without confirmatory testing, thus exacerbating antibiotic resistance development since
pathogenic bacteria are continuously gaining exposure and can evolve to become more

resistant or multidrug resistant.'” Additionally, this misuse and overuse of antibiotics can

15
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have other harmful effects including off-site toxicity to healthy mammalian cells, cause
allergic reactions, or even eliminate healthy bacteria making way for pathogenic bacteria

to colonize and flourish.'®

The Centers for Disease Control and Prevention (CDC) and the World Health
Organization (WHO) have deemed many resistant and multidrug resistant bacteria as
urgent public health threats and warn that the existing antibiotic pipeline may not be able
to withstand the continuous rise in antibiotic resistance."” Antibiotic stewardship
programs and more stringent guidelines on proper antibiotic prescribing have been
implemented by these organizations as means to slow resistance development, but this is
only one part of the battle. To preserve the efficacy and longevity of existing antibiotics,
controlled drug delivery approaches are necessary. Passive drug delivery systems that
deliver antibiotic(s) locally, to the site of infection, can improve efficacy and mitigate
off-site toxicity to non-pathogenic bacteria and mammalian cells.”* Many novel
antibacterial drug delivery systems have been developed to treat a range of infections at
various sites in the body. Common antibacterial drug delivery platforms include

nanoparticles, surface coatings, and wound dressings.

Nanoparticles

Nanoparticles such as polymeric nanoparticles, lipid vesicles or liposomes, and inorganic
nanoparticles (i.e., metal or ceramic) serve as antibiotic delivery systems that possess
many advantages over free antibiotic.?’ These nanoparticles can encapsulate multiple

types of antibiotics to aid in localizing delivery to reduce off-site toxicity, provide
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protection from the host immune response, and increase stability of the encapsulated
therapeutic(s).?? Polymeric nanoparticles that encapsulate free antibiotic(s) are one of the
most notable advances in drug delivery research. Biologically inert polymers, such as
poly(ethylene glycol), are commonly used to synthesize nanoparticles that trap free
antibiotic inside the nanoparticle.”® These nanoparticles could then be administered for
systemic infection (i.e., sepsis)** or delivered to the lung via an inhaler to treat pulmonary
infections, for example.” Similar nanoparticles have been developed for treating a range
of infections using other materials including inorganic silica®**" or lipids.”® The
development of nanoparticles as antibiotic drug carriers has proved to be a significant

achievement in the fight against antibiotic resistance.

Surface Coatings

Surface coatings that act as drug delivery vehicles have been important developments for
preventing and eradicating infection caused by surgical intervention or the use of
indwelling or implantable medical devices. With invasive techniques comes risk for
infection whether it is during the invasive procedure or following completion of the
procedure. In the United States, surgical site infections occur in roughly 200,000-400,000
patients each year and nearly 3% of individuals who get a surgical site infection will die
as a consequence.”’ Coinciding with this is the risk of surgical site infections progressing
to implanted or indwelling medical device-related infection, which can lead to severe
consequences such as revision surgery, removal of hardware, and surgical debridement of
the infection site.** Common indwelling and implantable medical devices include

catheters, vascular assist devices, and prosthetic joints. These devices are highly prone to
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bacterial colonization because they can often become contaminated during the procedure
or surgery and have desirable material properties for bacterial adhesion and growth.’! As
many of the devices listed above are meant for long-term use, it is critical to prevent
infection and preserve the longevity of the device to improve patient outcomes. Surface
coatings that passively elute antibiotic(s) and prevent bacterial adhesion have shown
great promise for mitigating indwelling and implantable medical device-related

infection.*?

Wound Dressings

Wound dressings that can deliver drugs are also important developments in medicine
especially for treating and preventing chronic wounds." It is estimated that nearly 2% of
the United States population is affected by chronic wounds which are highly prone to
infection.”® Infected wound sites are commonly treated by administering antibiotics to a
patient and preventing the wound site from contamination using traditional gauzes or
cotton wound dressings/bandages."” Antibiotic-loaded ointments and wound dressings are
also commonly used for preventing or treating infection in chronic wounds as they
provide localized antibiotic delivery, hydration (in the case of ointments), gaseous
exchange, and enhancement of autolytic debridement (for ointments).** Advancements in
wound dressing technology have centered around the development of hydrogels which
are highly hydrated polymers that are physically or chemically crosslinked into
three-dimensional structures designed to provide longer-lasting wound treatment.* These

hydrogels can be loaded with antibiotics and other therapeutic cargo such as
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antibiotic-loaded nanoparticles that can passively diffuse out to treat infection and aid in

wound healing.

Passive drug delivery systems like the free antibiotic-loaded nanoparticles, surface
coatings, and wound dressings described previously have shown great promise for
treatment of a range of infections. However, the passive nature of these systems poses a
threat for continued antibiotic resistance development.' These systems uncontrollably
release antibiotic(s) and do not specifically target bacteria which has been shown to
exacerbate resistance. Passive release of antibiotic(s) has also been shown to have
harmful effects on healthy bacteria and normal cells. By controlling the release of
antibiotic(s) to only when bacteria are present, resistance development can be slowed and

off-site toxicity can be significantly reduced.'*

1.3 Smart Antibacterial Drug Delivery Systems

The need for more controlled antibacterial drug delivery has led to the development of
“smart” drug delivery systems. Smart antibacterial drug delivery systems commonly
employ exogenous or endogenous stimuli for triggered release of therapeutics. Triggers
such as light, temperature, ultrasound, and magnetic or electric fields have been explored
for site-specific drug delivery.*® However, many exogenous stimuli have drawbacks as
the target infection site becomes more internal. For example, if light or ultrasound are
used to induce drug delivery, transmittance of these triggers can become skewed or
ineffective.’” Smart drug delivery systems that use endogenous stimuli have aided in

38,39

overcoming these drawbacks and have been employed in a wider range of
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applications. Endogenous triggers such as pH,***! bacterial toxins,” and enzymes have
been extensively used to design self-defensive drug delivery systems.*® Bacteria can
produce lactic and acetic acid, causing a decrease in local pH at infection sites,**** which
makes pH-responsive biomaterials and drug delivery systems an attractive research area.
However, decreases in local pH can occur naturally from injury or non-infectious

diseases (i.e., wounds or tumors)*+*

and contribute to non-specificity, especially in the
case of systemic drug delivery. To combat non-specific delivery, research has shifted

focus to developing biomaterials or delivery systems that respond to bacterial enzymes

4749 1

such as hyaluronidases,”* proteases,” phosphatases,’’ and lipases.’*** However, many
of these bacterial enzymes have mammalian analogs that operate similarly,> thus
negating the specificity towards bacteria. B-lactamases are enzymes produced only by
bacteria® and provide promise for developing truly bacteria-specific, responsive

antibacterial treatments.

1.4 Our Approach: Bacteria-Degradable Drug Delivery Systems for On-Demand
Infection Control

B-lactamase enzymes are produced by both gram-negative and positive bacteria and are
one of the leading causes of antibiotic resistance;*® they hydrolyze the B-lactam ring
present in many highly prescribed B-lactam antibiotics (i.e., penicillins, carbapenems, and
cephalosporins), rendering them ineffective.”” The mechanism by which cephalosporins
get hydrolyzed by B-lactamases is particularly interesting because this hydrolysis leads to
release of the 3’-C position leaving group (Figure 2).°* This mechanism has been

explored for development of [-lactamase-responsive prodrugs for the release of
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antibiotics or chromogenic molecules® for treatment and detection of bacterial

infection, respectively.
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Figure 2. Hydrolysis of a cephalosporin prodrug leading to expulsion of the drug at the
3’-C position.

We have exploited this prodrug approach to develop hydrogels that macroscopically
degrade in the presence of B-lactamases or B-lactamase-producing bacteria specifically.
Our hydrogels undergo cleavage of a [-lactamase-labile crosslinker, which is
incorporated into the backbone of the hydrogel. These hydrogels are designed to elicit a
bacteria-specific drug delivery response with either encapsulated nanoparticles or
tethered therapeutics upon hydrogel degradation. Encapsulating free antibiotic would
negate the bacteria-specific response, as they are small molecules that can passively
diffuse out of the hydrogel.® Altogether, our bacteria-responsive hydrogels that
incorporate either antibacterial nanoparticles or tethered responsive antibiotic moieties
offer promise for on-demand treatment of infections, reduction in harmful off-site effects,

and potentially reduced susceptibility to antibiotic resistance.
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Chapter 2: Methods

Chapter 2 is based on a previously published original article:

Alkekhia, D., LaRose, C., and Shukla, A. “B-Lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release”, ACS Applied Materials &
Interfaces, 2022, 14 (24): 27538-27550.

2.0 Materials and Instrumentation

7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hydrochlo-
ride (ACLE) was purchased from AK Scientific (Union City, CA). 3-maleimidopropionic
acid was purchased from TCI Chemicals (Tokyo, Japan). 4-aminothiophenol (ATP), tri-
ethylamine (TEA), N-methylmorpholine (NMM), anhydrous dichloromethane (DCM),
anhydrous dimethylformamide (DMF), hexanes, ethyl acetate (EtAc), dimethyl sulfoxide
(DMSO), trifluoroacetic acid (TFA), anisole, diethyl ether, 1-[Bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU),
N,N-diisopropylethylamine (DIPEA), thin layer chromatography (TLC) Silica Gel 60 on
glass plates, B-lactamases from Bacillus cereus, Pseudomonas aeruginosa, and
Enterobacter cloacae, Fluorometric Thiol Quantitation Kit, phosphate buffered saline
(PBS), calcium chloride dihydrate, Triton X-100, and 4-arm-PEG-thiol (20 kDa) were
acquired from Millipore Sigma (St. Louis, MO). 1,11-bismaleimido-triethyleneglycol
(mal-PEG-mal, 494.5 Da) was purchased from BroadPharm (San Diego, CA).
FluoSpheres™ carboxylate-modified fluorescent polystyrene nanoparticles (25, 50, and

100 nm diameter), silica gel, tryptic soy broth (TSB), and SYLGARD™ 184 silicone
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elastomer kit were purchased from Thermo Fisher Scientific (Waltham, MA). Bacto agar
and BD BBL™ Cefinase™ paper discs were purchased from BD (Franklin Lakes, NJ).
Deuterated acetone (acetone-dg) and chloroform (CDCl;) were obtained from Cambridge
Isotope Laboratories (Andover, MA). Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were obtained from Gibco-BRL (Grand Island, NY).
Penicillin-streptomycin was purchased from Caisson Laboratories (Smithfield, UT).
Endothelial Cell Growth Medium-2 (EGM-2) BulletKit was purchased from Lonza
(Basel, Switzerland). Cell Counting Kit-8 (CCK-8) was obtained from ApexBio
(Houston, TX). Single donor human red blood cells (HRBCs) were obtained from
Innovative Research (Novi, MI). Staphylococcus aureus 25923, Bacillus cereus 13061,
Pseudomonas aeruginosa 27853, Enterobacter cloacae 13047, mouse embryonic
fibroblasts (NIH 3T3), and human umbilical vein endothelial cells (HUVEC) were
purchased from American Type Culture Collection (ATCC, Manassas, VA). Klebsiella
pneumoniae 1603 and 3834 were generously donated by Dr. Louis Rice at Rhode Island
Hospital (Providence, RI). Cleaned, shaven, and frozen porcine skin tissue was obtained
from a butcher shop (Providence, RI). Ultra-high purity nitrogen gas (99.999% N,) was
obtained from Corp Brothers, Inc. (Providence, RI). Ultrapure deionized water (18.2
MQ-cm, Millipore Sigma, Billerica, MA) was utilized in all experiments. Room

temperature (RT) referred to in this article was ~23°C.

Proton nuclear magnetic resonance (‘H-NMR) was recorded on a Bruker DRX Avance

400 MHz spectrometer and reported with chemical shifts stated as o in units of parts per

million (ppm) relative to CDCl; (7.26 ppm) or acetone-ds (2.05 ppm). High resolution
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mass spectrometry (HRMS) electrospray ionization (ESI) was conducted on an Agilent
6530 liquid chromatograph tandem mass spectrometer (LC-MS). Fluorescence
spectroscopy was performed using a BioTek Cytation 3 microplate reader (Winooski,
VT) using 96-well black plates (Thermo Fisher Scientific, Waltham, MA). Confocal
images of fluorescent polystyrene nanoparticle-loaded hydrogels were captured using a
Nikon Eclipse Ti-A1R microscope (Tokyo, Japan) equipped with a water immersion
objective (25%, NA 1.1, WD 2 mm), a 561 nm laser, 570 - 620 nm filter, and NIS
Elements software. Uniaxial compression tests were performed using an Instron 5942
universal testing system (Instron, MA) at RT with a crosshead speed of 0.1 mm/s and a

load cell of 500 N to obtain elastic moduli.

2.1 Synthesis of Compound 1

The core of the B-lactamase-cleavable crosslinker, compound 1, was synthesized based
on previous reports.** ACLE (1.48 mmol) was dissolved in anhydrous DCM (20 mL) and
stirred on ice under N,. TEA (2.8 mmol) was slowly added to the ACLE mixture over 20
min. NMM (1.8 mmol) and ATP (2.4 mmol) were added sequentially thereafter. The
reaction was stirred on ice and monitored by TLC (30% EtAc/70% DCM). After 3 h, the
solvent was removed by rotary evaporation, and the product was purified using column
chromatography (silica gel, 20% to 80% gradient of EtAC in DCM) to yield compound 1
(~65% vyield). HRMS-ESI: m/z calculated for C22H23N304S2" [M+H]": 458.1129;
found: 458.1199. '"H-NMR (Appendix A, Figure S2, 400 MHz, CDCl;) § (ppm): 7.31 (d,
J= 8.5, 2H), 7.15 (d, J= 8.5, 2H), 6.88 (d, J= 8.5, 2H), 6.52 (d, J= 8.6, 2H), 5.10 - 4.94

(dd, J1 = 11.9 Hz, J2 = 43.1 Hz, 2H), 4.83 (d, J= 4.9, 1H), 4.65 (d, J= 4.9, 1H), 4.19 -
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3.51 (dd, J1 = 13.3 Hz, J2 = 245.2 Hz, 2H), 3.80 (s, 3H), 3.72 - 3.27 (dd, J1 = 17.9 Hz, ]2

= 143.8 Hz, 2H).

2.2 Synthesis of Compound 2

To synthesize the protected mal-B-lactam-mal (compound 2), compound 1 (0.22 mmol),
3-maleimidopropionic acid (0.76 mmol), and HATU (0.92 mmol) were dissolved in
anhydrous DMF (3 mL). The mixture was stirred for 15 min under N, at RT before
adding DIPEA (1.3 mmol); the reaction was allowed to proceed for an additional 75 min
and was monitored by TLC (80% EtAc/20% DCM). The crude reaction was partitioned
between DCM and water, washed twice with water and once with brine, before it was
dried over sodium sulfate, filtered, and concentrated via rotary evaporation. The product
was purified by flash chromatography (silica gel, 40 to 80% gradient of EtAc in DCM)
then dried by rotary evaporation to yield compound 2 (~80% yield). HRMS-ESI: m/z
calculated for C36H33N5010S2° [M+H]": 760.1678; found: 760.1746. 'H-NMR
(Appendix A, Figure S3, 400 MHz, acetone-ds) 0 (ppm): 9.34 (s, 1H), 8.02 (d, J = 8.5,
1H), 7.59 (d, ] =8.7, 2H), 7.35 - 7.28 (dd, J1= 8.6 Hz, J1 = 12.7 Hz, 4H), 6.91 (d, J = 8.7,
2H), 6.85 (d, J =5.5,4H), 5.71 - 5.66 (dd, J1 =4.7 Hz, J2 = Hz, 1H), 5.06 - 4.88 (dd, J1 =
12.0 Hz, J2 = 49.2 Hz, 2H), 5.03 (d, J= 4.8, 1H), 4.29 (d, J = 13.3 Hz, 1H), 3.86 - 3.72

(m, 9H), 3.51 (d, J = 17.8 Hz, 1H), 2.71 - 2.60 (m, 4H).

2.3 Synthesis of the Responsive Crosslinker (Compound 3)

Compound 2 (0.16 mmol) was deprotected in a solution of 1:1:5 (v/v/v)
TFA:anisole:DCM (42 mL) under N, on ice for 1.5 h and monitored by TLC (silica gel,

100% EtAc). Solvents were evaporated via rotary evaporation. The deprotected
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crosslinker, compound 3, was dissolved in acetone, precipitated in cold diethyl ether three
times, and then centrifuged and dried via rotary evaporation (~54% yield). HRMS-ESI:
m/z calculated for C28H25N509S2" [M+H]": 640.1083; found: 640.1152. '"H-NMR
(Appendix A, Figure S4, 400 MHz, acetone-ds) o (ppm): 9.34 (s, 1H), 8.02 (d, J = 8.5,
1H), 7.57 (d, J = 8.6, 2H), 7.37 (d, J = 8.6, 2H), 6.85 (d, ] =5, 4H), 5.71 - 5.66 (dd, J1 =
4.7 Hz, J2=9 Hz, 1H), 5.03 (d, J=4.8, 1H), 4.28 - 3.89 (dd, J1 = 13.3 Hz, J2 = 136.6 Hz,

2H), 3.84 - 3.69 (m, SH), 3.51 (d, J = 17.7 Hz, 1H), 2.70 - 2.61 (m, 4H).

2.4 Equilibrium Swelling and Rehydration of Hydrogels

For swelling experiments, 5, 10, and 15% (w/v) hydrogels fabricated with and without
100 nm polystyrene nanoparticles were swollen by incubation in 2 mL of 1x PBS (pH
7.4) at 37°C with shaking (100 rpm) for 48 h, followed by measuring their wet mass, M,,.
The swollen gels were then lyophilized at RT for 72 h, and the dry mass was measured,
M,. The equilibrium swelling ratio, Q,, was calculated using Equation 1, and then used in
estimation of the average mesh size.**®” The same methods were used in estimating
overall hydrogel mesh size for hydrogels fabricated with and without nanoparticles, due

to the extremely low volume fraction of nanoparticles within the hydrogels (~0.097 %

(v/v)).

Q = ——* (1)

The rehydration ability of lyophilized hydrogels stored at RT for 9 months was also
evaluated, specifically for 5 and 15% (w/v) hydrogels fabricated with and without 100

nm polystyrene nanoparticles. These hydrogels were rehydrated in 2 mL of 1x PBS (pH
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7.4) at 37°C with shaking (100 rpm) for a total of 120 h, following which hydrogel wet

mass was determined, M,. The rehydration ratio, RR, was assessed using Equation 2.

M

RR = —* 2)

w

2.5 Hydrogel Compression Testing

Prior to compression experiments, 5, 10, and 15% (w/v) hydrogels with and without 100
nm polystyrene nanoparticles were fabricated and swollen following the same protocol
used in the swelling and rehydration studies. Before each compression test, the
compression platen was lowered to initially load the hydrogel at 0.04-0.05 N and set the
initial sample height. Compression of the hydrogel was concluded at half the initial
height to prevent potential volume change through water loss. The elastic modulus was
determined by examining the slope of the linear portion of the stress-strain curve

obtained.

2.6 Examining Hydrogel Crosslinking Efficiency

To quantify unreacted thiols in responsive and non-responsive hydrogel formulations [5,
10, 15% (w/v) with and without 100 nm polystyrene nanoparticles], a fluorometric thiol
quantitation kit was utilized. Hydrogels were fabricated and swollen following the same
protocol used in swelling ratio studies. Hydrogels were then immersed in the thiol
detection solution and incubated at RT for 1 h with shaking (100 rpm). 4-arm-PEG-thiol
(20kDa) at various concentrations [% (w/v)], in the same volume of thiol detection
solution, were used as unreacted thiol controls. Following incubation, fluorescence was

measured on a plate reader with excitation at 490 nm and emission at 535 nm. A
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crosslinking efficiency was calculated based on the fluorescence values obtained for the

hydrogel formulations compared with the unreacted 4-arm-PEG-thiol controls.

2.7 Hydrogel Fabrication

Responsive and non-responsive hydrogels were formed using the B-lactamase-cleavable
crosslinker, mal-B-lactam-mal (compound 3), and a non-cleavable crosslinker,
mal-PEG-mal, respectively. The appropriate crosslinker was dissolved in dimethyl
sulfoxide (DMSO). 4-arm-PEG-thiol was dissolved in 1x PBS (pH 7) or in 0.1x PBS (pH
3) for responsive or non-responsive hydrogel fabrication, respectively. These buffer
concentrations and pH values were selected to achieve similar gelation times between the
two hydrogel types. Hydrogels of varying polymer density [5, 10, and 15% (w/v)] were
formed by mixing the crosslinker and PEG at a 1:1 maleimide/thiol stoichiometric ratio
with the resulting hydrogel containing 25% (w/w) DMSO in PBS. The prepolymer
mixture was rapidly vortexed, and 50 pL was transferred into a 2 mm (height) X 5 mm
(diameter) cylindrical polydimethylsiloxane (PDMS) mold. Gelation occurred within ~10
min; however, samples were left for 1.5 h at 37°C to ensure complete gelation throughout
the full hydrogel volume. For nanoparticle-loaded hydrogel studies, fluorescent
polystyrene nanoparticles of the desired size were added to the prepolymer PEG solution

at a final concentration of 0.08% (w/v).

2.8 Examining Hydrogel Response in B-Lactamase Enzyme Solutions

The hydrogel degradation response and nanoparticle release in enzyme solutions were
investigated by fabricating 5, 10, and/or 15% (w/v) responsive and non-responsive

hydrogels with 100 nm polystyrene nanoparticles and then swelling the hydrogels in 2
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mL of 1x PBS (pH 7.4) at 37°C with shaking (100 rpm) for ~16—18 h to remove DMSO

(and potential surface bound nanoparticles).

These swollen hydrogels were incubated with B-lactamases in 1 mL of 1x PBS (pH 7.4)
at 37°C with shaking (100 rpm). For all B-lactamases tested, activity was reported by the
vendor with one unit (U) defined as hydrolyzing 1.0 umol of benzylpenicillin per min at
pH 7.0 at 25°C. At predetermined time points, hydrogels were removed from the
B-lactamase solution and weighed. Simultaneously, 150 uL of the incubation solution was
removed and nanoparticle fluorescence (excitation 580 nm, emission 607 nm) was
measured. This fluorescence signal was compared with standard curves of just
nanoparticles in enzyme solution to determine released nanoparticle concentration from
the hydrogels. These incubation solutions and hydrogels were placed back into the

B-lactamase solution for continued monitoring of degradation and release.

2.9 Modeling Responsive Hydrogel Degradation Kinetics

We examined the degradation kinetics of these responsive hydrogels by fitting the

hydrogel mass time course from Section 2.8 using Equations 3—9 below.

m(t) = prr(t) h(t) 3)
r(t) = ro — kt 4)
h(t) = h — kt (5)
1/3
s L) ©)
pnrmold mold
ro =X rmold (7)

29



h =X-h (8)

0 mold
2 2 2 3.3
m(t) = pn[roho — kro(ZhO + ro)t + k (Zro + ho)t — kt] 9)

Here, the mass, m(?), of the cylindrical hydrogels at any time, ¢, is a function of the
hydrogel density, p; radius, 7(?); and height, 4(?). Equations 4 and 5 describe the linear
change in hydrogel dimensions over time due to surface erosion, assuming a rate
constant, k. Here, , and 4, are the initial dimensions of the swollen hydrogel. These
initial dimensions were estimated by calculating a swelling factor, X, on the basis of the
initial hydrogel mass measured, m,, and the known radius and height of the mold used to
fabricate the hydrogels, 7,,, and #4,,,, respectively (Equations 6-8). By substituting
equations 4 and 5 in Equation 3, Equation 9 was obtained to describe the hydrogel mass.
Fitting hydrogel mass over time using this equation, we obtained & for 5, 10, and 15%

(w/v) responsive hydrogels incubated in B-lactamases from P. aeruginosa.

2.10 Examining In Vitro and Ex Vivo Hydrogel Response to Bacteria

Hydrogel response was examined upon incubation of 10% (w/v) hydrogels with
B-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae 13047, K.
pneumoniae 1603 and 3834 and non-B-lactamase-producing S. aureus 25923. All bacteria
were utilized in their logarithmic growth phase in tryptic soy broth (TSB), as determined
by optical density measurements at 600 nm. For all assays, responsive and non-
responsive hydrogels were swollen after fabrication, as done for the hydrogel response
studies in enzyme solutions, and then sterilized via ultraviolet light in a Nuaire Class II

Type A2 biosafety cabinet for 15 min at RT.
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To examine bacteria-mediated degradation of hydrogels in vitro on nutrient agar, bacteria
at 1 x 10® CFU/mL were streaked on TSB agar plates. Hydrogels were then immediately
placed on the agar and incubated at 37°C until complete degradation of responsive
hydrogels was observed. Digital images of the hydrogels were taken over time. Controls

of non-inoculated agar and no hydrogel on agar were included.

We also investigated the degradation of hydrogels ex vivo on bacteria-inoculated porcine
skin. The tissue was thawed at RT for 1 h and sterilized by soaking in 70% ethanol for 30
min, followed by soaking in sterile 1x PBS three times. Bacteria at 1 x 10’ CFU/mL were
streaked three times on the tissue using a bacteria-soaked cotton swab. Hydrogels were
immediately placed on the inoculated ex vivo tissue samples and incubated at 37°C until
complete degradation of responsive hydrogels was observed. Digital images of the
hydrogels were taken over time. Controls of non-inoculated porcine skin and no hydrogel

on skin were included.

2.11 Examining Responsive Hydrogel Cytocompatibility and Hemolytic Activity

Cytocompatibility of 15% (w/v) hydrogel degradation products was evaluated for NIH
3T3 and HUVEC using a CCK-8 cell viability assay. Briefly, NIH 3T3 and HUVEC were
seeded at a density of ~3,200 cells/cm? in DMEM and EGM-2 media supplemented with
10% FBS and 1% (v/v) penicillin/streptomycin, respectively, at 37°C with 5% CO,. After
24 h, cells were treated with solutions of the following: 1x PBS (pH 7.4),
4-arm-PEG-thiol in 1x PBS (pH 7.4), mal-B-lactam-mal in 1% (v/v) DMSO in 1x PBS
(pH 7.4), degraded hydrogel products obtained by incubating hydrogels for 24 hours in

B-lactamases from P. aeruginosa at 30 U/mL, B. cereus at 400 U/mL, and E. cloacae at 1
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U/mL in 1x PBS (pH 7.4), and the same concentrations of -lactamases in 1x PBS (pH
7.4). The 4-arm-PEG-thiol and mal-B-lactam-mal concentrations used were matched to
the concentrations in the degraded hydrogel products. Cells incubated with media only
served as positive controls (untreated) and cells incubated with 10% DMSO in media
served as negative controls. After 24 h, the media was refreshed and a 10 uL CCK-8
solution was added to each well and incubated for 2 h at 37°C and 5% CO,. Absorbance
at 450 nm (Abs,s,) was measured using a plate reader. Cell viability was calculated using

Equation 10.

C . 7 0 _ Abs450,sample_Abs450,negative
ellviability (%) = —- x 100 (10)

. —Abs )
450, positive 450, negative

HRBC hemolysis was investigated using 15% (w/v) hydrogel degradation products.
Briefly, 25% (v/v) HRBCs were incubated for 1 h at 37°C in a 96-well plate with 20 pL.
of the following: 1x PBS (pH 7.4), 4-arm-PEG-thiol in 1x PBS (pH 7.4),
mal-B-lactam-mal in 1% (v/v) DMSO in 1x PBS (pH 7.4), degraded hydrogel products
obtained by incubating hydrogels for 24 hours in B-lactamases from P. aeruginosa at 30
U/mL, B. cereus at 400 U/mL, and E. cloacae at 1 U/mL in 1x PBS (pH 7.4), and the
same concentrations of B-lactamases in 1x PBS (pH 7.4). The 4-arm-PEG-thiol and
mal-B-lactam-mal concentrations used were matched to the concentration in the degraded
hydrogel products. HRBCs incubated with 2% (v/v) Triton X-100 served as positive
controls and untreated HRBCs served as negative controls. After incubation, HRBCs
were centrifuged for 5 min at 500 g, following which 100 pL of the supernatant in each
well was transferred to a new 96-well plate. Absorbance at 540 nm (Abss,) was

measured using a plate reader. Hemolysis was calculated using Equation 11.
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Abs — Abs )
Hemolysis (%) — - 540, sample 540, negative % 1 00 (1 1)

— Abs
540, positive 540, negative

2.12 Statistical Analyses

Results are reported as mean + standard deviation whenever appropriate. All experiments
were repeated three times with three samples at minimum. Statistical significance was
calculated using unpaired, two-tailed Student’s t-test or one- or two-way analysis of
variance (ANOVA; a = 0.05) with Tukey’s post hoc analysis using GraphPad PRISM™
software. A value of p < 0.05 was considered statistically significant; *, p < 0.05; **, p <
0.01; *** p <0.001; **** p<0.0001. MATLAB was used for data fitting and obtaining

goodness of fit.
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Chapter 3: Results and Discussion

Chapter 3 is based on a previously published original article:

Alkekhia, D., LaRose, C., and Shukla, A. “B-Lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release”, ACS Applied Materials &
Interfaces, 2022, 14 (24): 27538-27550.

3.1 Fabrication and Characterization of Hydrogels

A maleimide-functionalized B-lactamase-cleavable cephalosporin (Appendix A, Figure
S1, compound 3) was synthesized in order to fabricate B-lactamase-degradable hydrogels,
hereinafter termed “responsive hydrogels.” In the presence of [-lactamases, the
4-aminothiophenol  (ATP) at the 3'-C site of the 7-amino-3-chloro-
methyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hydrochloride (ACLE)
B-lactam core (Appendix A, Figure S1, compound 1) serves as a leaving group and is
expelled. We functionalized the terminal amines on either end of compound 1 with
maleimide moieties by conjugating 3-maleimidopropionic acid via amidation, forming
compound 2 (Appendix A, Figure S1). After functionalization with maleimides, the
carboxylic acid on the B-lactam was deprotected by the removal of the p-methoxybenzyl
protecting group, yielding the P-lactamase-responsive crosslinker, mal-B-lactam-mal
(Appendix A, Figure S1, compound 3). The carboxylic acid is an enzyme—substrate

recognition site for some PB-lactamases,”

rendering the deprotection step critical for
activity with a broader range of B-lactamases. Proton nuclear magnetic resonance ('H
NMR) (Appendix A, Figure S2—S4) and high resolution mass spectrometry (HRMS)

electrospray ionization (ESI) confirmed successful synthesis of this crosslinker.
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Compound 3 was then utilized in the thiol-ene-mediated crosslinking of 4-arm-PEG-thiol
macromers, thus incorporating the B-lactamase-responsive moiety into the backbone of
the responsive hydrogel network. Control, non-responsive hydrogels were instead
fabricated using a maleimide-functionalized PEG crosslinker, mal-PEG-mal (Scheme 1).

Scheme 1. Schematic representation of B-lactamase-responsive (R) and non-responsive
(NR) hydrogel fabrication; degradation of responsive hydrogels and their subsequent

release of entrapped nanoparticle cargo. Non-responsive hydrogels remain intact and
nanoparticle cargo remains entrapped.
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Hydrogels were fabricated at varying 4-arm-PEG-thiol concentrations, with or without
fluorescent polystyrene nanoparticles to assess controlled release behavior. The
polystyrene nanoparticles serve as model cargo and are representative of therapeutic
antibacterial nanoparticles, which could be encapsulated in the hydrogel drug delivery
platform. The reaction conditions for hydrogel fabrication for the two types of hydrogels
were empirically determined in order to yield similar reaction times between
formulations. Responsive hydrogels fabricated at room temperature in 1x phosphate
buffered saline (PBS) (pH 7) were polymerized within ~10 min, while the non-responsive
hydrogels required 0.1x PBS (pH 3) to achieve a similar gelation time. Thiol reactivity

may have been the differentiating factor that influenced polymerization time between the

35



two formulations. The carboxylic acid of compound 3, which is negatively charged at pH
7, potentially increases the pK, of the thiols on the 4-arm-PEG-thiol macromers, thus
decreasing their reactivity. The concentration of reactive thiolates can be increased to
enable more rapid polymerization by increasing the pH during responsive hydrogel

fabrication, which is an approach that has been used in various reports.®”

Following hydrogel fabrication, we measured the hydrogel crosslinking efficiency, elastic
modulus, and equilibrium swelling ratio, and we also estimated the hydrogel mesh size
(Figure 3a—d and Table 2). The crosslinking efficiency was found to be ~99% for all
formulations. A decrease in PEG concentration led to an increase in swelling and mesh
size and a decrease in stiffness, which was consistent with previous work.”””* Although
differences in reaction times for responsive and non-responsive formulations were
minimized by optimizing gelation buffer concentration and pH, the responsive hydrogels
typically exhibited greater swelling ratios and mesh sizes and decreased stiffness as
compared to non-responsive hydrogels. The hydrogel network may have expanded due to
charge repulsion caused by the deprotonated carboxylate of the [B-lactam in the
responsive crosslinker at neutral pH. Additionally, the deprotonated carboxylate can also
enable hydrogen bonding with water molecules which likely contributed to increased
water uptake.”*”> For hydrogels fabricated with nanoparticles, the concentration of
nanoparticles was selected to obtain a similar gelation time as for formulations lacking
nanoparticles. In comparing hydrogels with nanoparticles to those without nanoparticles

for each polymer concentration, the swelling ratio and average mesh sizes remained
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largely unchanged, with a decrease in elastic modulus observed only for 15% (w/v)

responsive hydrogels with nanoparticles.
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Figure 3. Crosslinking efficiency (a), elastic modulus (b), equilibrium swelling ratio (Q;)
(c), theoretical mesh size (d), and rehydration ratio (RR) (e) of responsive (R) and
non-responsive (NR) hydrogels of varying polymer density [5, 10, 15% (w/v)] fabricated
with (+) or without (-) 100 nm nanoparticles (NPs). Data is presented as mean + standard
deviation; n > 3. Statistical significance was examined using unpaired, two-tailed
Student’s t-test comparing hydrogels £ NPs for each formulation and for comparing R
and NR hydrogels for each formulation. One-way ANOVA was used to compare
hydrogels with different percent (w/v) PEG for each formulation. Note, matching Greek
letters indicate significant differences (p < 0.05; *, a, and € are p < 0.05; **, B, and { are p
<0.01; *** vy and n are p < 0.001; **** &, and 0 are p < 0.0001).
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Table 2. FElastic modulus, equilibrium swelling ratio, and theoretical mesh size of
responsive (R) and non-responsive (NR) hydrogels of different polymer densities, with

(+) and without (-) encapsulated 100 nm nanoparticles.

Formulation Elastic Modulus (kPa) Equilill);:ilig: avelling Mesh Size (nm)
ngS’V(;A’ Nano(gj‘_r;ides R NR R NR R NR

+ 6.6+0.8 9.6+0.7 31.8+1.7 283+ 1.1 6.2+0.1 5.9+0.1

i 6.0+0.5 7.8+0.8 323+23 28.7+1.7 62+0.2 59+0.2

+ 74+15 18.7+1.0 26.0+1.2 22.5+29 5.8+0.1 54+£03

* 9.5+£03 20.1+3.5 25.6+1.7 225+1.5 58+0.2 54+02

+ 170+ 1.0 348+4.2 22.0+0.6 16.9+0.5 5.5+0.1 4.8+0.1

N 26.1+5.0 358+1.0 23.1+14 16.8 £0.8 5.6+0.1 4.8+0.1

We also evaluated the rehydration ratio for 5 and 15% (w/v) hydrogels to investigate the

ability of dried hydrogels to regain their initial swollen mass when incubated in 1x PBS.

As shown in Figure 3e, none of the formulations were able to regain their original

post-fabrication wet mass and there were no notable differences between hydrogels of a

given formulation fabricated with or without nanoparticles. Both responsive and

non-responsive 5% (w/v) hydrogel formulations, with and without encapsulated

nanoparticles, reached ~50% of their initial post-fabrication wet mass after rehydration.

All 15% (w/ v) formulations were able to re-swell to ~70—75% of their initial

post-fabrication wet mass. During hydrogel drying, the micro- and nanostructure of the

hydrogel is likely affected by factors such as pore collapse,’® which can affect

rehydration.
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3.2 Hydrogel Degradation and Nanoparticle Release in p-Lactamases

To investigate the behavior of hydrogels in B-lactamases, 10% (w/v) responsive and
non-responsive hydrogels formulated with 25, 50, and 100 nm polystyrene nanoparticles
were incubated in B-lactamases isolated from Pseudomonas aeruginosa. P. aeruginosa is
a common pathogenic, gram-negative bacteria that is known to cause a range of acute and
chronic infections and to produce multiple classes of B-lactamases.”” As shown in Figure
4a, nanoparticle release from the responsive hydrogels followed hydrogel degradation for
all nanoparticle sizes, yet the release of 25 and 50 nm nanoparticles exhibited slightly
accelerated release kinetics compared with 100 nm nanoparticle-loaded responsive
hydrogels. All responsive hydrogel formulations exhibited a highly linear correlation
between release of the encapsulated nanoparticles and hydrogel mass loss in B-lactamases
from P. aeruginosa (Fig. 4b). An overall decrease in the rate of mass loss was observed
over time for these formulations, suggesting a surface degradation mechanism as opposed
to bulk degradation.”®” Surface erosion is common in enzymatically degradable PEG
hydrogels where enzyme hydrodynamic diameter is on the same order of magnitude as
hydrogel mesh size, preventing or slowing enzyme penetration and diffusion into the
hydrogel.*® Many B-lactamases have been characterized as having dimensions that are
comparable to the estimated mesh sizes of the hydrogels developed in this work of ~5-6

nm.%!
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Figure 4. Effect of encapsulated nanoparticle (NP) diameter on B-lactamase-triggered
hydrogel degradation and NP release. (a) Normalized wet mass and NP release over time
from 10% (w/v) responsive (R) and non-responsive (NR) NP-loaded hydrogels incubated
in solutions of 30 U/mL of B-lactamases from P. aeruginosa. Wet mass is normalized to
the initial mass of the swollen hydrogels before incubation with B-lactamases. NP release
is normalized to the NP fluorescence signal measured in the incubation solution after
complete hydrogel degradation. (b) Normalized NP release as a function of normalized
wet mass loss of 25, 50, and 100 nm NP-loaded 10% (w/v) R hydrogels with each data
point representing one time point. The linear fit and coefficient of determination, R?, are
shown for each formulation in black (25 nm NPs), red (50 nm NPs), and blue (100 nm
NPs). Data are presented as mean + standard deviation; n = 4.

We observed that the bacterial source of the B-lactamases had a significant impact on
hydrogel degradation rate. There are four major classes of f-lactamases, and at the time
of writing, there have already been ~7400 different B-lactamases reported.® Bacteria
produce varying levels of different B-lactamases in a dynamic manner, which can affect
the hydrolysis kinetics of the [-lactamase-cleavable crosslinker in the responsive
hydrogel backbone. We investigated hydrogel response in [-lactamases from
gram-negative Enterobacter cloacae to compare hydrogel degradation and nanoparticle
release kinetic differences. While non-responsive hydrogels remained stable in

B-lactamases, responsive hydrogels (with 25, 50, and 100 nm nanoparticles) incubated in
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B-lactamases isolated from P. aeruginosa and E. cloacae resulted in vastly different
timescales to achieve complete degradation. We observed that hydrogels incubated in 1
U/mL B-lactamases from E. cloacae exhibited a rapid, linear degradation over ~3.5 hours
(Figure 5a), while hydrogels incubated in 30 U/mL B-lactamases from P. aeruginosa
degraded in 6-8 hours (Figure 4a). The differences between the hydrogel responses
observed may be due to differences in the types of B-lactamases produced by the two
bacterial species, as well as the specific strains that were utilized. f-lactamases exhibit
varying specificity and activity towards different B-lactam containing compounds.*® For
example, some B-lactamases have a larger or more flexible substrate binding pocket as
compared to other classes of B-lactamases and can better accommodate polymers or

bulky moieties near the B-lactam ring .3+
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Figure 5. Effect of encapsulated nanoparticle (NP) diameter on hydrogel degradation and
NP release in B-lactamases from E. cloacae. (a) Normalized wet mass and NP release
from 25, 50, and 100 nm NP-loaded 10% (w/v) responsive (R) and non-responsive (NR)
hydrogels incubated in solutions of 1 U/mL B-lactamases from E. cloacae over time. Wet
mass is normalized to initial mass after swelling and before addition of enzymes. NP
release is normalized to the fluorescence measured in the solutions after complete
hydrogel degradation. (b) Normalized NP release as a function of normalized wet mass
loss of 25, 50, and 100 nm NP-loaded 10% (w/v) R hydrogels with each data point
representing one timepoint. The linear fit and coefficient of determination, R?, are shown
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for each formulation in black (25 nm NPs), red (50 nm NPs), and blue (100 nm NPs).
Data is presented as mean =+ standard deviation; n = 4.

3.3 Effect of Hydrogel Polymer Concentration on Degradation

Degradation rates of enzyme-responsive hydrogels depend on the concentration of the
enzyme-labile moiety in the hydrogel matrix and polymer crosslinking density. We began
probing these effects by examining the response of hydrogels fabricated with varying
polymer concentrations. Along with examining the hydrogel mass over time as an
indicator of degradation, nanoparticle release was also quantified. First, responsive and
non-responsive 5, 10, and 15% (w/v) hydrogels with 100 nm nanoparticles were
fabricated and incubated in 30 U/mL B-lactamases from P. aeruginosa. Non-responsive
formulations remained stable in these conditions and exhibited no significant change in
mass or release of nanoparticles (with a nanoparticle detection limit of 0.3 pg/mL). These
results were expected due to the lack of a B-lactamase-cleavable backbone and the much
smaller average mesh size of these hydrogels compared with the nanoparticle diameter of
100 nm leading to physical entrapment. In contrast, all responsive hydrogels exhibited
mass loss over time, with complete degradation in ~3.5, 8, and 13 h for 5, 10, and 15%

(w/v) hydrogels, respectively (Figure 6a-c).

To confirm our hypothesis of responsive hydrogels undergoing surface degradation in
B-lactamases, we fit the mass time course of the different polymer concentration
hydrogels using Equations 3-9 from Chapter 2, which are representative of surface
erosion. After fitting Equation 9 to the hydrogel mass loss time course for 5, 10, and 15%
(w/v) responsive hydrogels, we determined each of their goodness of fit (R?) which all

resulted in values of 0.99 (Figure 6d). These results, together with data from Section 3.2
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confirm the ability to achieve an on-demand, [-lactamase-triggered release of

encapsulated cargo (over a broad range of sizes) from these hydrogel drug delivery

systems.
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Figure 6. Modeling hydrogel mass loss over time assuming surface erosion of 100 nm-
nanoparticle loaded hydrogels in 30 U/mL B-lactamases from P. aeruginosa. Hydrogel
wet mass over time of 5% (w/v) (a), 10% (w/v) (b), and 15% (w/v) (c) R hydrogels
incubated in B-lactamases. The dashed trace represents the best fit curve obtained by
fitting Equation 9 to the experimental values obtained. (d) Summary table of the surface
erosion rate constant (k) and goodness of fits (R?) for these formulations.
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3.4 Hydrogel Degradation and Nanoparticle Release in p-Lactamase-Producing

Bacteria

Having established the responsive degradation of these hydrogels in PB-lactamase
solutions, we next examined whether this triggered hydrogel degradation is also observed
in the presence of fB-lactamase-producing bacteria. Both responsive and non-responsive
10% (w/v) hydrogels were incubated with a range of gram-positive and negative bacteria,
including several ESKAPE pathogens (Enterococcus faecium, S. aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter spp.). The
highly virulent ESKAPE pathogens are particularly concerning due to the prevalence of
antibiotic  resistance in  these species. Specificallyy, we examined a
non-B-lactamase-producing strain of S. aureus and B-lactamase-producing strains of K.
pneumoniae, P. aeruginosa, E. cloacae, and B. cereus (a non-ESKAPE pathogen). Table
3 below provides details on the strains of bacteria utilized in these studies and whether

they produce B-lactamases, which were all confirmed based on previous reports.

Table 3. Bacteria strains tested with responsive and non-responsive hydrogels.

Bacteria Strain Gram B-lactamase Nitrocefin Disk Assay*
S. aureus ATCC® 25923™ Positive No J
B. cereus ATCC® 13061™ Positive Yes .
P. aeruginosa ATCC® 27853™ Negative Yes 3
E. cloacae ATCC® 13047™ Negative Yes _‘
K. pneumoniae Clinical isolate 3834 Negative Yes
K. pneumoniae Clinical isolate 1603 Negative Yes
Water — — —

*Red color indicates B-lactamase production.
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We investigated pB-lactamase-triggered degradation of hydrogels incubated with bacteria
cultured on agar to better represent a topical application of these hydrogels (Figure 7).
Responsive hydrogels underwent degradation over time with all B-lactamase-producing
bacteria examined, including the K. pneumoniae clinical isolates, while non-responsive
hydrogels remained stable and visibly unchanged on the agar during this time.
Responsive and non-responsive hydrogels incubated on the non-B-lactamase-producing S.
aureus 25923 behaved identically and remained stable and unchanged on the bacteria
inoculated agar over 7 days. These results matched controls of hydrogels incubated on
sterile, non-bacteria-inoculated agar over 7 days. The timescales of degradation observed
for responsive hydrogels on agar inoculated with the B-lactamase-producing strains
varied widely, ranging from a day for B. cereus to 2—3 days for both K. pneumoniae
clinical isolates to ~8 days for P. aeruginosa and E. cloacae (Figure 7). Note, the
green-blue color seen in the hydrogels incubated on P. aeruginosa is likely the pyocyanin

and pyoverdine metabolites secreted by P. aeruginosa,’”*

which can change the color of
media and agar and here also seem to diffuse into the hydrogels. There are many factors
that may contribute to the differences in degradation time observed, including differences
in B-lactamase composition and concentration produced by these strains, which may also
be influenced by differences in bacterial growth rates in the specific media and growth
conditions used. Overall, these results indicate that the B-lactamase-responsive hydrogels
retain their enzyme-responsive degradation capability in the presence of a broad range of

B-lactamase-producing bacteria and that non-B-lactamase-cleavable hydrogels remain

stable in these conditions.

45


https://www.zotero.org/google-docs/?AEkNGg

B. cereus 13061 P. aeruginosa 27853 K. pneumoniae 3834

Day 2 Day 4 Day5 Day 6 Day 8 Day 0

E. cloacae 13047 K. pneumoniae 1603
Day 0 Day1 Day 2 Day3

Day5

Day1 Day 2 Day3 Day4
1_:. 3 &

'i

________________________________________________________

Sterile agar
Day 2 Day 3 Day 6 Day 7

S. aureus 25923

Day0 Day1 Day 2 Day 3 Day 4 Day5 Day 6

Figure 7. Responsive hydrogel degradation by B-lactamase-producing bacteria on agar.
Digital images over time of 10% (w/v) non-responsive (NR) and responsive (R)
hydrogels incubated on agar inoculated with B-lactamase-producing B. cereus 13061, P.
aeruginosa 27853, E. cloacae 13047, K. pneumoniae 3834, and K. pneumoniae 1603;
non-B-lactamase-producing S. aureus 25923; and a sterile agar control at 37°C. Images
are representative of three repeats.

After demonstrating the robust -lactamase response of the hydrogels developed here in
vitro, we investigated the translational potential of the hydrogels using model infections
of ex vivo porcine skin tissue. Ex vivo porcine skin inoculated with bacteria is commonly
used as a model to study wound infections that closely mimic superficial tissue
infections.* As shown in Figure 8, again, only the responsive hydrogels degraded when
incubated on porcine skin inoculated with the B-lactamase-producing B. cereus, P.
aeruginosa, K. pneumoniae, and E. cloacae, while the non-responsive hydrogels
remained stable. As with the agar studies, responsive and non-responsive hydrogels

remained stable and visibly unchanged on S. aureus 25923 inoculated and sterile porcine
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tissue. These results further confirmed the selective degradability of the hydrogels by
B-lactamase-producing bacteria. Interestingly, degradation induced by P. aeruginosa was
faster on the skin (~4 days) than on agar (~8 days). A potential reason for this more rapid
degradation by P. aeruginosa may be a higher bacteria growth rate on skin compared with
agar, which has been observed in an ex vivo human skin model infected with P.

aeruginosa PAO1,”

potentially resulting in a higher concentration of B-lactamases. K.
pneumoniae inoculated samples also demonstrated a faster hydrogel degradation on pig
skin (1-2 days) compared with agar (~3 days), while E. cloacae demonstrated slower
degradation on pig skin (~14 days) than on agar (~8 days). Future in vivo investigation of
these materials will enable further understanding of the differences in hydrogel

degradation rates on the basis of the type of bacteria and B-lactamases present and also

factors such as host immune response and wound healing.
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Figure 8. Responsive hydrogel degradation by B-lactamase-producing bacteria on ex vivo
porcine skin. Digital images over time of 10% (w/v) non-responsive (NR) and responsive
(R) hydrogels incubated on porcine ex vivo skin tissue inoculated with
B-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae 13047, K.
pneumoniae 3834, K. pneumoniae 1603; non-B-lactamase-producing S. aureus 25923;
and a sterile agar control at 37°C. Images are representative of three repeats.

3.5 Cytocompatibility and Hemolytic Activity of f-Lactamase-Degraded Responsive
Hydrogels

We investigated cytocompatibility of the responsive hydrogels by exploring the effect of
the degraded hydrogel products on the metabolic activity of murine fibroblasts (NIH 3T3)
and human umbilical vein endothelial cells (HUVEC), along with potential hemolysis of

human red blood cells (HRBCs). These cells were selected as representative of
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mammalian cells that would be encountered in wounds where these hydrogels may
eventually be applied. Responsive hydrogels [15% (w/v)] were completely degraded in
B-lactamases from P aeruginosa, B. cereus, or E. cloacae. The mammalian cells were
incubated with these degradation products, along with 4-arm-PEG-thiol macromer,
responsive crosslinker (mal-B-lactam-mal, compound 3), [-lactamases, and the
appropriate positive and negative controls. A CCK-8 assay indicated no significant
difference in HUVEC or NIH 3T3 viability for any of the hydrogel degradation products
compared with untreated controls (Figure 9a); the polymer backbone, crosslinker, and
B-lactamases also had no impact on cell viability (Figure 9b). As expected, HRBC
hemolysis was not observed for any of the hydrogel degradation products (Figure 9c).
Overall, these results indicate that the responsive hydrogel degradation products are

compatible with important mammalian cell types.
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Figure 9. Cytocompatibility of hydrogel products. (a) Cell viability of HUVEC and NIH
3T3 fibroblasts incubated with 15% (w/v) hydrogels degraded in B-lactamases from P.
aeruginosa (BL-PA, 30 U/mL), B. cereus (BL-BC, 400 U/mL), and E. cloacae (BL-EC, 1
U/mL) in 1x PBS (pH 7.4). (b) Cell viability of 1x PBS (pH 7.4), 4-arm-PEG-thiol in 1%
PBS (pH 7.4), mal-B-lactam-mal (mal-BL-mal) in 1x PBS (pH 7.4), and 30 U/mL BL-
PA, 400 U/mL BL-BC, and 1 U/mL BL-EC in 1x PBS (pH 7.4). 4-arm-PEG-thiol and
mal-BL-mal concentrations used were matched to the concentrations in the degraded
hydrogel products. Data is presented as average + standard deviation; n = 9. One-way
ANOVA showed no significant difference between any of the incubation conditions for
HUVEC and NIH 3T3 with untreated controls (p > 0.05). (¢c) HRBC hemolysis of 15%
(w/v) degraded hydrogel products in B-lactamases and their respective controls. Data is
presented as average =+ standard deviation; n = 6. One-way ANOVA was used to compare
all incubation conditions to the positive control (Triton X-100). Statistically significant
differences were observed for all incubation conditions (**** p < 0.0001).
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Chapter 4: Conclusions and Scientific Impact

In this work, a B-lactamase-cleavable crosslinker was synthesized and used to fabricate
B-lactamase-degradable hydrogels. These responsive hydrogels are the first hydrogel drug
delivery platform demonstrated to achieve a [-lactamase-controlled release of
encapsulated cargo. Responsive degradation of the hydrogels was observed in the
presence of [-lactamases isolated from several different bacteria as well as -
lactamase-producing bacteria (including several ESKAPE species) both in vitro and in an
ex vivo porcine skin infection model. In the conditions investigated, it was observed that
nanoparticle cargo release from responsive hydrogels was enabled only by
B-lactamase-triggered hydrogel degradation. Our bacterial enzyme-responsive hydrogel
has the potential to be used for the on-demand delivery of encapsulated antibacterial
nanoparticles. A broad range of nanoparticle cargo that is larger than the average
hydrogel mesh size could be included, such as liposomes, micelles, nanogels, silver
nanoparticles, and other polymeric drug carriers (e.g., drug-loaded or drug-coated
nanoparticles and cationic nanoparticles). The hydrogel would thus prevent uncontrolled
release of the encapsulated therapeutics and ensure triggered release only upon matrix
cleavage by P-lactamases. Our results have demonstrated that a wide range of cargo sizes
(25 to 100 nm) can achieve a triggered release using this hydrogel system. These
hydrogels hold great promise for use as prophylactic biomaterial, such as a wound
dressing that can deliver encapsulated therapeutics on-demand when triggered by the
presence of pathogenic, B-lactamase-producing bacteria. The mechanism of action of this

drug delivery system will allow for reduced unnecessary exposure to encapsulated
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therapeutics and effective local delivery, which can reduce off-site toxicity and lower

susceptibility for antibiotic resistance development.
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Chapter 5: Future Directions

Smart biomaterials and drug delivery systems have the potential to substantially improve
the field of medicine, especially with regard to mitigating the threat of antibiotic
resistance. Our novel B-lactamase-cleavable moiety was designed to be versatile and used
to develop a wide range of bacteria-responsive biomaterials and drug delivery systems. In
this Chapter, the initial work and future theoretical plans for translating our

B-lactamase-responsive biomaterials for other infection applications are described.

Nanogel Pilot Studies

Utilizing a similar chemical approach to the fabrication of our bacteria-responsive
hydrogels, we have initiated pilot studies on the development of bacteria-responsive
nanogels for use as topical antibacterial treatments or for systemic infections. Nanogels
are nanometer scale hydrogel-like polymeric materials that have overlapping properties
of traditional polymeric nanoparticles and hydrogels.”’ The hydrogel-like properties
associated with nanogels enables interaction with cells and can enhance uptake by cells
as compared with their solid counterparts.”’ In the case of our bacteria-responsive
nanogels, these hydrogel-like properties can potentially facilitate better interaction with
cells but be able to differentiate antibiotic release by cell type (i.e., bacterial vs
mammalian cell). The nanogels would only release encapsulated or tethered antibiotic

cargo when bacteria are present and remain intact in the presence of mammalian cells.
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This controlled release mechanism could potentially reduce the toxicity to mammalian

cells observed when high concentrations of antibiotics are released uncontrollably.

The fabrication of our P-lactamase-degradable nanogels utilizes in situ formation to
synthesize nanogels within solution. [/n situ formation of our bacteria-responsive
nanogels begins by empirically determining a 1:1 stoichiometric ratio of thiol:maleimide
on 4-arm-PEG-thiol macromers and our [-lactamase-cleavable crosslinker.
4-arm-PEG-thiol (5 kDa, purchased from Jenkem Technology, USA) was dissolved in 1x
PBS and the B-lactamase-cleavable crosslinker, mal-BL-mal, was separately dissolved in
equal parts DMSO and 1x PBS. The total volumes of the 4-arm-PEG-thiol and
mal-BL-mal mixtures should be equal prior to adding them to a heated solution of 1x PBS
(60°C). The 4-arm-PEG-thiol mixture was added to the PBS solution first and stirred
vigorously to ensure homogeneity. When the mixture returned to 60°C, the mal-BL-mal
mixture was quickly added to the heated solution of 4-arm-PEG-thiol. The reaction was
allowed to continue for 1 h in a closed reaction vessel. After 1 h, the reaction was
removed from heat and cooled to RT. The resultant nanogels were dialyzed overnight in

ultrapure water to ensure any unreacted components were removed.

In our pilot studies, various parameters were altered to evaluate the effect on nanogel
size. Size is an important parameter to investigate as it can influence the colloidal
stability of the nanogels in solution. Larger nanogels will tend to aggregate more rapidly
than smaller nanogels which introduces heterogeneity in the nanogel colloidal

suspension.”” The parameters investigated include pH, stirring speed, and total reaction
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volume. Figure 10 below depicts the results from our pilot studies on nanogel fabrication
through hydrodynamic diameter (size) measurements using a Zetasizer dynamic light
scattering instrument. We observed significant differences in nanogel size with various
pH values tested, likely caused by differences in local reaction times. A reduction in pH
led to smaller nanogels which can potentially be attributed to less reactive thiolates to
undergo Michael-type addition with the maleimides on the responsive crosslinker along
with the rapid mixing of components (Figure 10a). Stirring speed did not significantly
affect bacteria-responsive nanogel size (Figure 10b). The statistically significant
difference observed for the nanogels fabricated at 1000 rpm was likely attributed to more
rapid evaporation of the solution as more condensation was observed at the top of the
reaction vessel than the other two conditions. We would expect that more rapid mixing of
the solution would lead to smaller nanogel size, as the components would have shorter
local reaction times. We observed a statistically significant decrease in nanogel size with
increasing total reaction volume (Figure 10c), which was expected as the components are
dispersed more within larger reaction volumes, thus slowing local reaction time. Lastly,
when comparing total reaction volumes of 3 and 4 mL at different stirring speeds (900
and 1100 rpm), the results were consistent with our hypothesis that increased volume and
stirring speed led to smaller nanogels (Figure 10d). With the conditions and combinations
of parameters tested, we were able to successfully fabricate bacteria-responsive nanogels
ranging from roughly 100 - 400 nm. Many nanoparticles that are used clinically have
sizes comparable to the nanogels fabricated in these studies,” which is promising for

advancing these nanogels clinically.
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Figure 10. Pilot studies on the in situ formation of bacteria-responsive nanogels. (a)
Influence of pH on bacteria-responsive nanogel size using a total reaction volume of 2
mL of 1x PBS with stirring at 900 rpm at 60°C. (b) Influence of stirring speed on
bacteria-responsive nanogel size using a total reaction volume of 2 mL of 1x PBS (pH 4)
at 60°C. (c) Influence of total reaction volume on bacteria-responsive nanogel size using
1x PBS (pH 4) with stirring at 900 rpm at 60°C. (d) Influence of stirring speed on
bacteria-responsive nanogel size comparing two different total reaction volumes (3 and 4
mL) in 1x PBS (pH 4) at 60°C.

Further optimization of the colloidal stability of these nanogels would include
investigating the influence of surfactants or identifying a surface coating method.
Following optimization of nanogel stability, incorporation of antibiotics (free or
chemically tethered using our B-lactamase-cleavable technology, detailed in the following
section) and the bacteria-responsive release can be examined. Ultimately, the successful
fabrication of nanogels using our novel B-lactamase-cleavable moiety shows promise for
the development of antibacterial, bacteria-responsive nanogels for the treatment of

infection.
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Theoretical Strategies for Developing Bacteria-Responsive Nanoparticles and Surface

Coatings

Bacteria-Responsive Antibiotic Conjugate

Rendering our bacteria-responsive biomaterials antibacterial will begin by synthesizing a
B-lactamase-cleavable vancomycin conjugate by adapting synthetic approaches from our
previous report.”® In brief, this moiety will be synthesized from a cephalosporin
precursor, which contains the B-lactam ring to be hydrolyzed, and flanked on one side by
a maleimide and the other by vancomycin, which will undergo click chemistry with a
thiol-terminated PEG backbone via Michael-type thiol-ene addition. The synthesis of the
responsive vancomycin conjugate, mal-pL-vancomycin, will be accomplished using
protocols adapted from Yu, C. et al® and Umstitter, F. et al.”® First,
3-maleimidoproprionic acid (1.0 mmol) and 7-amino-3-chloromethyl-3-cephem-
4-carboxylic acid p-methoxybenzyl ester hydrochloride (ACLE; 0.05 mmol) will be
dissolved in 20 mL of dichloromethane (DCM) at room temperature. N,N-
diisopropylethylamine (DIPEA; 3.1 mmol) will subsequently be added to deprotonate the
carboxylic acid on 3-maleimidoproprionic acid and this reaction will be stirred for 15 min
under an inert atmosphere. Next, 2.1 mmol of I1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) will be added to
activate the carboxylate group to form an amide bond with the primary amine on ACLE,
leading to the formation of compound 1, shown in Figure 11 below. Compound 1 will be
purified using flash chromatography (silica gel; 50-100% ethyl acetate (EtAc) in DCM)

and dried under rotary evaporation. Compound 1 (0.07 mmol) will be dissolved in 1 mL
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of DCM at 0°C. Triethylamine (TEA; 0.14 mmol) will be added slowly over 20 min
under an inert atmosphere which will serve to deprotonate the carboxylic acid on
vancomycin. 4-methylmorpholine (NMM; 0.1 mmol) and vancomycin (0.1 mmol) will
then sequentially be added. NMM will replace the 3°-C chlorine on compound 1 to create
a positively charged leaving group for nucleophilic substitution by the carboxylate on
vancomycin, forming mal-BL-vancomycin. This reaction will continue for 1 h under inert
gas, be purified via flash chromatography (silica gel, 1-2% methanol (MeOH) in DCM),
then dried under rotary evaporation. Proton and carbon nuclear magnetic resonance ('H
and "*C NMR), Fourier-transform infrared spectroscopy (FTIR), and liquid
chromatography-mass spectrometry (LC-MS) will be utilized to confirm successful

synthesis and purity”® of mal-BL-vancomycin.

L. e ﬁifp ﬁfﬁ;@;

S
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- d -
o o HATU, DIPEA, DI l TEA, NMM, DCM
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ACLE 1 mal-BL-vancomycin
Vancomycin

Figure 11. Synthesis of a bacteria-responsive vancomycin conjugate.

Bacteria-Responsive Nanoparticles

Synthesis of PEGylated mal-BL-vancomycin. The responsive vancomycin conjugate,
mal-BL-vancomycin, will be functionalized with PEG chains of varying molecular
weights on vancomycin’s terminal secondary amine group using an adapted protocol
from Umstitter, F. et al.” To begin, sulfonic acid-terminated PEG (PEG-SO3H) will be

dissolved in 1x PBS and the pH will be adjusted to reach mild alkaline conditions (pH
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8-9). Mal-BL-vancomycin will be dissolved in DMSO at 0.5 molar equivalence to
PEG-SO3H, then slowly added to the PEG-SO3H solution with vigorous stirring for 3 h.
The resulting solution will be freeze-dried, redissolved in water, purified via preparative

HPLC using a gradient elution,” and analyzed using LC-MS, NMR, and FTIR.

Synthesis of thiolated silica nanoparticles (SiNPs). SiNPs functionalized with thiol
groups on the surface will undergo click-chemistry with PEGylated mal-BL-vancomycin
to form antibacterial, bacteria-responsive nanoparticles. The thiolated SiNPs will be
synthesized using a modified, base-catalyzed Stober method.”” The procedure for
synthesizing thiolated SiNPs, adapted from Fernandes, R. et al.,”® begins with diluting a
stock ammonia solution to 0.3 mol L™ in absolute ethanol then heated to 70°C with slow
stirring (~400 rpm). The silica precursor, (3-mercaptopropyl)-trimethoxysilane, is then
added to the heated solution of ammonia in ethanol to a final concentration of 0.3 mol L™
and stirred for 90 min. The particles will be extracted by centrifugation at 15,000 rpm for
1 h, washed in absolute ethanol three times, then re-suspended in deionized water.
Dynamic light scattering (DLS) will be used to measure the hydrodynamic diameter of
the particles along with the size distribution, or polydispersity index. {- potential will be
used to measure the electrokinetic potential of SiNPs in a colloidal suspension, providing
an estimated surface charge. Size of the SiNPs will also be confirmed using transmission
electron microscopy (TEM). To ensure the SiNPs are functionalized with thiols at the
surface, environmental scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (eSEM-EDS) can be used. eSEM-EDS is both a microscopy and

elemental analysis technique to identify the atoms present in a sample. The degree of
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thiol-functionalization can be determined by performing an Ellman’s assay” to inform
conjugation of our responsive vancomycin conjugate. This assay uses
5,5’-dithio-bis-(2-nitrobenzoicacid) which readily reacts with free sulfthydryl (thiol)
groups to produce a colorimetric change which can be quantified via spectroscopy in the
ultraviolet-visible light region (300-700 nm). Comparing the absorbance values to a
standard curve of a known sulfhydryl-containing compound (i.e., cysteine)® will provide

the estimated sulthydryl concentration in a specific volume of our SiNPs.

PEGylated mal-BL-vancomycin SiNPs. The thiolated SiNPs from above will be
conjugated with  PEGylated mal-fL-vancomycin to create  antibacterial,
bacteria-responsive nanoparticles. First, the concentration of sulfhydryl/thiol groups will
be determined by Ellman’s assay, described previously. The responsive vancomycin
conjugate will be dissolved in DMSO and added to the suspension of thiolated SiNPs in a
1:1 stoichiometric ratio under stirring for 15-30 min. As mentioned previously, the
responsive vancomycin conjugate will undergo Michael-type addition with the SiNPs and
form a covalent bond between the thiol on the SiNPs and maleimide on the conjugate.
The nanoparticles will be purified by centrifugation (14,000 rpm, 1 h) and washed with
deionized water three times to ensure any free PEGylated mal-BL-vancomycin is
removed. Successful conjugation will be confirmed using similar methods described in

the previous section.
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Bacteria-Responsive Antibacterial Surface Coatings

We will develop antibacterial bacteria-responsive coatings through sol-gel coating with
mercaptosilanes and subsequent tethering of the PEGylated vancomycin conjugate.
Sol-gel coating offers many advantages to other coatings, such as polymeric films, due to
their highly tunable physical and chemical properties.'” Sol-gel coatings are fabricated

' which can be modified to

using a polycondensation reaction with silica precursors,'”
have a range of functional groups. The mechanical strength of the sol-gel coating is also
highly tunable through addition of metal ions that complex between neighboring silanes
to increase crystallinity of the coating.'” Additionally, this process occurs in one reaction
vessel, making sol-gel coating on an implant substrate a simple process. We will

investigate sol-gel coating of medical grade stainless steel and titanium alloy substrates

and conjugation of our PEGylated vancomycin conjugate.

Sol-gel coating of metal implant substrates. The substrates mentioned above will be
smoothed using 1200-grit silicon carbide polishing paper then ultrasonically washed with
deionized water then acetone to remove free surface particles.'” Hydrochloric acid (0.1
M) will be used to remove the passivating layer at the surface of the substrates to aid in
adhesion of the coating.'® The sol-gel coating process will begin by adding the polished
metal substrates to a solution of absolute ethanol and water at volume ratios of 2:1,
respectively. (3-mercaptopropyl)trimethoxysilane (MPTS) will then be added to achieve a
1:4:8 volumetric ratio of MPTS:water:ethanol.'” The solution will be stirred for 5-8 h to
ensure all components have reacted to form the sol-gel coating on the substrate, washed

three times with deionized water, then dried at room temperature.'®
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The coatings will be aged (allowed to set at room temperature) for 7-14 days. Following
aging, PEGylated mal-pL-vancomycin will be dissolved in DMSO (at a 1:1
stoichiometric ratio with MPTS) then subsequently added to water followed by
submerging the sol-gel coated substrate. This solution will be gently shaken at room
temperature for 1-2 h to ensure the responsive vancomycin conjugate has reacted with the
free thiols on the coating, washed three times in deionized water, and dried at room
temperature. Characterization of the surface coatings will begin with small-angle X-ray
scattering (SAXS) to verify substrates have been coated and to evaluate the homogeneity
of coating.'™ SAXS also indirectly provides an estimate distribution of pore size of the
sol-gel coatings to provide further information of homogeneity. We aim to have very
homogenous, yet porous, sol-gel coatings to increase surface area and the number of
thiols to react with our responsive vancomycin conjugate to effectively eradicate
pathogenic bacteria. Atomic force microscopy (AFM) can provide additional information
on the microstructure and topology of the coatings.'” eSEM-EDS will be utilized to

confirm successful conjugation of our responsive vancomycin conjugate;'®

more
specifically, uncoated, sol-gel coated, and responsive-sol-gel coated substrates will be

analyzed by eSEM-EDS and their elemental compositions will be compared to confirm

successful conjugation.

For both of these proposed bacteria-responsive biomaterials/drug delivery systems,
further characterization and validation studies in terms of their degradation and antibiotic
release profiles, antibacterial efficacy, and cytocompatibility will need to be investigated.

Methods from this thesis can be adapted to design experiments that validate the
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aforementioned bacteria-responsive and antibacterial nature of these novel materials in
vitro. With the promising results obtained through our robust hydrogel and initial nanogel
work, we hypothesize the proposed bacteria-responsive, antibacterial nanoparticles and
surface coatings will be achievable and will expand our pipeline of novel

bacteria-specific infection treatments.
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Appendix A: Supporting Information - -Lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release
Authors: Dahlia Alkekhia, Cassi LaRose, and Anita Shukla
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Figure S1: Synthesis route of the BL-cleavable crosslinker, mal--lactam-mal.”

*ACLE: 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hydrochloride; ATP: 4-aminothiophenol; TEA:
triethylamine; NMM: N-methylmorpholine; DCM: dichloromethane; HATU:
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; DIPEA: N, N-diisopropylethylamine;
DMF: dimethylformamide; TFA: trifluoroacetic acid; L: B-lactamase.
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Figure S2: 'H-NMR spectrum of compound 1 (CDCl3, 400 MHz).
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Figure S3: 'H-NMR spectrum of compound 2 (acetone-dg, 400 MHz).
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ABSTRACT: Antibiotic resistance is a growing public health acet spense placumases @ "\ Drug Resistant

threat that complicates the treatment of infections. f-Lactamase s ) L € R e Nanopartice Cargo
enzymes, which hydrolyze the f-lactam ring present in many \/Q’( \“\ e e e
common antibiotics, are a major cause of this resistance and are (o) '\./ ’.\’ Y ®

produced by a broad range of bacterial pathogens. Here, we
developed hydrogels that degrade specifically in the presence of -
lactamases and f-lactamase-producing bacteria as a platform for
bacteria-triggered drug delivery. A maleimide-functionalized f-
lactamase-cleavable cephalosporin was used as a crosslinker in the
fabrication of hydrogels through end-crosslinked polymerization
with multiarm thiol-terminated poly(ethylene glycol) macromers
via Michael-type addition. We demonstrated that only hydrogels
containing the responsive crosslinker were degraded by fg-
lactamases and f-lactamase-producing bacteria in vifro and in an ex vivo porcine skin infection model. Fluorescent polystyrene
nanoparticles, encapsulated in the hydrogels as model cargo, were released at rates that closely tracked hydrogel wet mass loss,
confirming f-lactamase-triggered controlled cargo release. Nonresponsive hydrogels, lacking the f-lactam crosslinker, remained
stable in the presence of f-lactamases and f-lactamase-producing bacteria and exhibited no change in mass or nanoparticle release.
Furthermore, the responsive hydrogels remained stable in non-f-lactamase enzymes, including collagenases and lipases. These
hydrogels have the potential to be used as a bacteria-triggered drug delivery system to control unnecessary exposure to encapsulated

S Live Bacteria
Dead Bacteria dD

antimicrobials, which can provide effective infection treatment without exacerbating resistance.

KEYWORDS: f-lactamases, hydrogels, bacteria-responsive materials, stimuli-responsive drug delivery, bacteria,

enzyme-degradable hydrogels

1. INTRODUCTION

Antibiotic resistance is a global health threat that is making it
increasingly difficult to treat bacterial infections. A 2019 report
by the United States Centers for Disease Control and
Prevention estimated that over 2.8 million infections and
over 35,000 deaths are caused by antibiotic-resistant microbes
annually in the U.S. alone. Overuse and misuse of antibiotics
are implicated in increasing antibiotic resistance and toxicity."
As antibiotic resistance continues to rise and the development
of new therapeutics remains stagnant, responsive local drug
delivery systems have the potential to provide -effective
infection treatment while controlling exposure to antibiotics,
helping limit the development of resistance.”* In this work, we
have developed a stimuli-responsive local drug delivery system
that responds to a family of enzymes uniquely produced by
bacteria, the f-lactamases.

Various antibacterial drug delivery systems have been
developed that respond to either exogenous or endogenous
stimuli.* Commonly explored external triggers include temper-
ature, light, and magnetic fields. Alternatively, biomaterials that
respond to the bacterial microenvironment have been explored

© 2022 American Chemical Society
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as self-defensive drug delivery systems. Among the most
common examples are pH-responsive biomaterials that
typically respond to the local decrease in pH caused by lactic
and acetic acid-producing bacteria.”® Other examples include
materials that respond to bacterial toxins’ and enzymes, such
as lipases,® proteases,'® phosphatases,'’ phospholipases,'> and
hyaluronidases.'*~"* However, many of these triggers are not
bacteria specific; acidic microenvironments are found naturally
within the body or as a result of noninfectious diseases or
injury, including wounds and tumors, and some bacterial
enzymes have mammalian analogues that cleave similar
substrates (e.g., hyaluronidases). In contrast, f-lactamases are
produced only by bacteria and are therefore a promising
bacteria-specific stimuli that can be adopted for use in bacteria-
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Scheme 1. Schematic Representation of f-Lactamase-Responsive (R) Hydrogel Fabrication via Thiol—ene Michael-Type
Addition, Cleavage of the Hydrogel Backbone Due to ff-Lactam Hydrolysis That Enables Release of Nanoparticle Cargo, and

Fabrication and Stability of Nonresponsive (NR) Hydrogels
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responsive drug delivery. f-lactamases are one of the leading
causes of antibiotic resistance.'® These enzymes, which are
produced by many Gram-positive and Gram-negative bacteria,
catalyze the hydrolysis of the f-lactam ring present in f-lactam
antibiotics (e.g., penicillins, cephalosporins, and carbapenems)
and inactivate them. Hydrolysis of the amide bond in the f-
lactam ring of cephalosporins causes the spontaneous release of
the 3'-position leaving group. This property has been exploited
in the development of j- 1actamase responswe ]grodmgs,” for
the release of nitric oxide'® and antibiotics,"””" and for the
detection of f-lactamase-producing bacteria in conjunction
with various probe molecules.*’>* To date, there have been
only a handful of studies describing f-lactamase-responsive
polymeric biomaterials. This existing work includes nano-
patticle drug delivery systems,® amphiphilic polymers for -
lactamase-triggered hydrogelation as a detection mechanism,*!
self- heahng P-lactamase-degradable supramolecular hydro-
gels,”” and chromogemc p-lactam-polymer conjugates for
bacteria detection.*

In this work, we report the first responsive hydrogel drug
delivery system that selectively releases encapsulated cargo in
the presence of f-lactamases. Hydrogels have been used
extensively for a variety of biomedical applications, including
the treatment of wounds.>* They can hydrate wounds, enhance
autolytic debridement, absorb exudate, allow gaseous ex-
change, and fill deep and irregular wounds, which are all
important factors in wound healing. Hydrogels can also be
loaded with antibacterial agents to prevent infections, which
can delay wound healing and potentially lead to sepsis. Here,
we synthesized a f-lactamase-labile crosslinker that was used in
a thiol—ene Michael-type addition with multiarm thiol-
terminated poly(ethylene glycol) (PEG) macromers to form
bacteria-degradable PEG hydrogels (Scheme 1). PEG-based
hydrogels are inherently hydrophilic, bioinert, antiprotein-
fouling, and nondegradable by mammalian enzymes, with
minimal toxicity and inflammation observed in vivo.**’
Responsive PEG hydrogels have been fabricated by incorpo-
rating enzyme-cleavable moieties, typically peptides, into the
matrix for protein delivery and tissue engineering applica-
tions.”®*' When the responsive PEG hydrogels developed in
this work are exposed to f-lactamases, the f-lactam ring in the
hydrogel backbone is hydrolyzed, which leads to matrix
cleavage and macroscopic degradation of the hydrogel. We
demonstrated the selective degradation of these f-lactamase-

27539

responsive hydrogels and release of encapsulated cargo in the
presence of f-lactamases and f-lactamase-producing bacteria.
We also investigated how hydrogel composition and environ-
mental factors such as f-lactamase concentration and source
influence hydrogel degradation and cargo release kinetics. The
bacteria-responsive hydrogels developed in this work have the
potential to be used as a controlled-release prophylactic
technology (e.g, wound dressing) that will enable a truly
controlled release of encapsulated therapeutics in the presence
of bacteria at a local site and limit exposure to antimicrobial
agents, thereby suppressing resistance.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of g-Lactamase-
Responsive Hydrogels. We have developed a responsive
hydrogel drug delivery platform for the on-demand release of
encapsulated cargo upon f-lactamase-triggered hydrogel
degradation (Scheme 1). In order to fabricate f-lactamase-
degradable hydrogels, we first synthesized a maleimide-
functionalized f-lactamase-cleavable cephalosporin (Figure
S1, compound 3). The 4-aminothiophenol (ATP) at the 3'-
C site of the 7-amino-3-chloromethyl-3-cephem-4-carboxylic
acid p-methoxybenzyl ester hydrochloride (ACLE) f-lactam
core (Figure S1, compound 1) serves as a leaving group that is
expelled in the presence of f-lactamases. The terminal amines
on either end of this compound were functionalized with
maleimide moieties by conjugating 3-maleimidopropionic acid
via amidation, forming compound 2 (Figure S1). After
functionalization with maleimides, the carboxylic acid on the
p-lactam, which is an enzyme—substrate recognition site for
some f-lactamases,” was deprotected by the removal of the p-
methoxybenzyl protecting group, yielding the A-lactamase-
responsive crosslinker, mal-f-lactam-mal (Figure S1, com-
pound 3). Proton nuclear magnetic resonance (‘H NMR)
(Figure S2—S4) and high resolution mass spectrometry
(HRMS) electrospray ionization (ESI) confirmed successful
synthesis of this crosslinker.

Compound 3 was then utilized in the thiol—ene-mediated
crosslinking of 4-arm-PEG-thiol macromers, thus incorporating
the f-lactamase-responsive moiety into the backbone of the
responsive hydrogel network. Control nonresponsive hydrogels
were instead fabricated using a maleimide-funtionalized PEG
crosslinker, mal-PEG-mal (Scheme 1). Hydrogels were
fabricated at three different polymer concentrations, S, 10,

https://doi.org/10.1021/acsami.2c02614
ACS Appl. Mater. Interfaces 2022, 14, 27538—-27550
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Table 1. Elastic Modulus, Equilibrium Swelling Ratio, and Theoretical Mesh Size of Responsive (R) and Nonresponsive (NR)
Hydrogels of Different Polymer Densities, with (+) and without (—) Encapsulated 100 nm Nanoparticles

formulation elastic modulus (kPa) equilibrium swelling ratio, Q, mesh size (nm)
PEG % (w/v) nanoparticles () R NR R NR R NR

S + 6.6 + 0.8 96 + 0.7 31.8 + 1.7 283+ 1.1 62 + 0.1 5.9 +0.1
- 6.0+ 05 78 £ 0.8 323 +23 287 £ 1.7 6.2 02 59 +£02

10 + 74+ 1S5 187 + 1.0 260 + 12 225 +29 58 +0.1 54 +03
- 9.5+ 03 20.1 £ 3.5 256 + 1.7 225+ 1.5 58 +02 54 +02

15 + 17.0 = 1.0 348 + 42 22.0 + 0.6 169 + 0.5 S55+01 4.8 + 0.1
- 26.1 + 5.0 358 + 1.0 231 + 1.4 16.8 + 0.8 56 £ 0.1 4.8 + 0.1
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Figure 1. f-lactamase-triggered hydrogel degradation and nanoparticle (NP) release. (a) Digital images over time of 10% (w/v) nonresponsive
(NR) and responsive (R) 100 nm NP-loaded hydrogels incubated with 50 units (U)/mL of f-lactamases from P. aeruginosa. The dashed circular
overlay represents the original hydrogel circumference. Images are representative of three repeats. (b) Wet mass and NP release over time for 100
nm NP-loaded §, 10, and 15% (w/v) R and NR hydrogels incubated with 30 U/mL of f-lactamases from P. aeruginosa. Wet mass is normalized to
the initial mass of the swollen hydrogels before incubation with f-lactamases. NP release is normalized to the NP fluorescence signal measured in
the incubation solution after complete hydrogel degradation. (c) Normalized NP release as a function of normalized wet mass loss of 100 nm NP-
loaded S, 10, and 15% (w/v) R hydrogels incubated with 30 U/mL of f-lactamases from P. aeruginosa, with each data point representing one time
point. The linear fit and coefficient of determination, R are shown for each formulation in blue [5% (w/v)], black [10% (w/v)], and red [15% (w/

v)]. Data are presented as mean =+ standard deviation; n = 4.

and 15% (w/v), with or without fluorescent polystyrene
nanoparticles to assess controlled release behavior. This model
cargo is representative of therapeutic antibacterial nano-
particles, which could be encapsulated in the hydrogel drug
delivery platform. We empirically determined the reaction
conditions for hydrogel fabrication for the two types of
hydrogels individually in order to yield similar reaction times
between formulations. We found that responsive hydrogels
fabricated at room temperature in 1X phosphate buffered
saline (PBS) (pH 7) were polymerized within ~10 min, while
the nonresponsive hydrogels required 0.1x PBS (pH 3) to
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achieve a similar gelation time. These differences are
potentially due to variations in thiol reactivity in both
formulations. The carboxylic acid of compound 3, which is
negatively charged at responsive hydrogel fabrication con-
ditions (i.e., pH 7), potentially increases the pK, of the thiols
on the 4-arm-PEG-thiol macromers during polymerization,
thus decreasing their reactivity. The influence of charged
species on thiol reactivity has previously been reported as an
approach to tune thiol—ene reaction rates.'*** Increasing the
pH for responsive hydrogel polymerization increases the
concentration of the reactive thiolates and enables polymer-
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ization to proceed more rapidly compared with lower pH
conditions.

Upon hydrogel fabrication, we measured the hydrogel
crosslinking efficiency, elastic modulus, and equilibrium
swelling ratio, and we also estimated the hydrogel mesh size
(Figure SSa—d and Table 1). The crosslinking efficiency was
found to be ~99% for all formulations. Consistent with
previous work, a decrease in PEG concentration led to an
increase in swelling and mesh size and a decrease in
stiffness.** ™ Although differences in reaction times for
responsive and nonresponsive formulations were minimized
by optimizing gelation buffer concentration and pH, the
responsive hydrogels typically exhibited greater swelling ratios
and mesh sizes and decreased stiffness compared with
nonresponsive hydrogels. The deprotonated carboxylate of
the f-lactam in the responsive hydrogels at neutral pH may
lead to charge repulsion, thus expanding the network, and can
also enable hydrogen bonding with water molecules to
contribute to increased water uptake.**” For hydrogels
fabricated with nanoparticles, the concentration of nano-
particles was selected to obtain a similar gelation time as for
formulations lacking nanoparticles. In comparing hydrogels
with nanoparticles to those without nanoparticles for each
polymer concentration, the swelling ratio and average mesh
sizes remained largely unchanged, with a decrease in elastic
modulus observed only for 15% (w/v) responsive hydrogels
with nanoparticles. Scanning electron microscopy images
(Figure S6) of 10% (w/v) responsive and nonresponsive
hydrogels with and without nanoparticles exhibited no major
differences; the presence of nanoparticles was not discernible
compared with other surface features and potential drying
artifacts.

We also evaluated the rehydration ratio for S and 15% (w/v)
hydrogels to investigate the ability of dried hydrogels to regain
their initial swollen mass when incubated in 1X PBS. As shown
in Figure SSe, none of the formulations were able to regain
their original postfabrication wet mass and there were no
notable differences between hydrogels of a given formulation
fabricated with or without nanoparticles. Both responsive and
nonresponsive 5% (w/v) hydrogel formulations, with and
without encapsulated nanoparticles, reached ~50% of their
initial postfabrication wet mass after rehydration. All 15% (w/
v) formulations were able to re-swell to ~70—75% of their
initial postfabrication wet mass. During hydrogel drying, the
micro- and nanostructure of the hydrogel is likely affected by
factors such as pore collapse, which can affect rehydration.*’

2.2, Hydrogel Degradation and Nanoparticle Release
in the Presence of f-Lactamases. In order to investigate
the behavior of hydrogels in p-lactamases, 10% (w/v)
responsive and nonresponsive hydrogels formulated with 100
nm polystyrene nanoparticles were incubated in f-lactamases
isolated from Pseudomonas aeruginosa. P. aeruginosa is a
common pathogenic, Gram-negative bacteria that is known
to cause a range of acute and chronic infections and to produce
multiple classes of f-lactamases.’’ Hydrogels were monitored
visually over time, and Figure la shows representative images
of these hydrogels. Nonresponsive hydrogels did not appear to
change visually over three hours of incubation, while
responsive hydrogels underwent a clear change in morphology
and a decrease in size during this time period, suggesting a §-
lactamase-triggered degradation of these hydrogels.

Degradation rates of enzyme-responsive hydrogels depend
on the concentration of the enzyme-labile moiety in the

hydrogel matrix and polymer crosslinking density, along with
enzyme concentration and enzyme—substrate cleavage kinetics.
We next began probing these effects by examining the response
of hydrogels fabricated with varying polymer concentrations or
in varying concentrations of f-lactamases. Along with
examining the hydrogel mass over time as an indicator of
degradation, nanoparticle release was also quantified. First, we
compared responsive and nonresponsive S, 10, and 15% (w/v)
hydrogels incubated in f-lactamases from P. aeruginosa (Figure
1b). All nonresponsive formulations remained stable in these
conditions and exhibited no significant change in mass or
release of nanoparticles (with a nanoparticle detection limit of
0.3 ug/mL). These results were expected due to the lack of a
P-lactamase-cleavable backbone and the much smaller average
mesh size of these hydrogels compared with the nanoparticle
diameter of 100 nm leading to physical entrapment. In
contrast, all responsive hydrogels exhibited mass loss over time,
with complete degradation in ~3.5, 8, and 13 h for 5, 10, and
15% (w/v) hydrogels, respectively (Figure 1b). An overall
decrease in the rate of mass loss was observed over time for
these formulations, suggesting a surface degradation mecha-
nism as opposed to bulk degradation.’*** Surface erosion is
commeon in enzymatically degradable PEG hydrogels where
the enzyme hydrodynamic diameter is on the same order of
magnitude as the hydrogel mesh size, which prevents or slows
enzyme penetration and diffusion into the hydrogel.** Many f-
lactamases have been characterized as having dimensions that
are comparable with the estimated mesh sizes of the hydrogels
developed in this work at ~5—6 nm.™*

We further examined the degradation kinetics of these
responsive hydrogels by fitting the hydrogel mass time course
using eqs 1-7.

m(t) = par(t)h(t) (1)
r(t) =r, — kt (2)
h(t) = h, — kt (3)
1/3
m

i)

P7r goiahmola 4)
L= erolti (5)
hu = Xhmnld (6)

m(t) = prlrih, — kr,(2h, + r,)t + K(2r, + h)t* — K]
(7

Here, the mass, m(t), of the cylindrical hydrogels at any time, ¢,
is a function of the hydrogel density, p; radius, r(t); and height,
h(t). Eqs 2 and 3 describe the linear change in hydrogel
dimensions over time due to surface erosion, assuming a rate
constant, k. Here, r, and h, are the initial dimensions of the
swollen hydrogel. These initial dimensions were estimated by
calculating a swelling factor, X, on the basis of the initial
hydrogel mass measured, m,, and the known radius and height
of the mold used to fabricate the hydrogels, ., and k4
respectively (eqs 4—6). By substituting eqs 2 and 3 in eq 1, eq
7 was obtained to describe the hydrogel mass. Fitting hydrogel
mass over time using this equation, we obtained k for 5, 10,
and 15% (w/v) responsive hydrogels (Figure S7). As expected,
because of the greater crosslinking density of the higher

polymer concentration hydrogels, a slower degradation rate
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Figure 2. Effect of encapsulated nanoparticle (NP) diameter on f-lactamase-triggered hydrogel degradation and NP release. (a) Normalized wet
mass and NP release over time from 10% (w/v) responsive (R) and nonresponsive (NR) NP-loaded hydrogels incubated in solutions of 30 U/mL
of f-lactamases from P. aeruginosa. Wet mass is normalized to the initial mass of the swollen hydrogels before incubation with f-lactamases. NP
release is normalized to the NP fluorescence signal measured in the incubation solution after complete hydrogel degradation. (b) Normalized NP
release as a function of normalized wet mass loss of 25, 50, and 100 nm NP-loaded 10% (w/v) R hydrogels with each data point representing one
time point. The linear fit and coefficient of determination, R?, are shown for each formulation in black (25 nm NPs), red (50 nm NPs), and blue
(100 nm NPs). Data are presented as mean + standard deviation; n = 4.

was noted with increasing polymer concentration, with k
ranging from 0.83 h™' to 023 h™! for § to 15% (w/v)
hydrogels, respectively.

Surface erosion typically enables a more controlled release of
encapsulated therapeutics compared with bulk degradation,
where release in the latter case can be affected by increased
hydrogel swelling over time.**** All responsive hydrogel
formulations exhibited a highly linear correlation between
release of the encapsulated 100 nm nanoparticles and hydrogel
mass loss in f-lactamases from P. aeruginosa (Figure 1c). We
also investigated the behavior of 10% (w/v) responsive and
nonresponsive hydrogels formulated with smaller 25 and 50
nm nanoparticles in f-lactamases from P. aeruginosa (Figure
2a). As with the 100 nm nanoparticle-loaded hydrogels, the
nonresponsive hydrogels with smaller nanoparticles also
exhibited no release of the encapsulated nanoparticles.
Nanoparticle release from the responsive hydrogels followed
hydrogel degradation, while exhibiting slightly accelerated
release kinetics compared with 100 nm nanoparticle-loaded
responsive hydrogels (Figure 2b). This increase is likely due
simply to the ease of release for smaller particles once surface
erosion has begun. Together, these results confirmed the
ability to achieve an on-demand, f-lactamase-triggered release
of encapsulated cargo (over a broad range of sizes) from these
hydrogel drug delivery systems.

We further tested the potential for a controlled, on-demand
release, by investigating the feasibility of achieving an on—off
response from the responsive hydrogel formulations. This
situation represents a scenario in which degradation and cargo
release would cease if an infection was cleared but would have
the potential to restart if an infection recurred. Hydrogel mass
and nanoparticle release were monitored for 10% (w/v)
hydrogels with 100 nm nanoparticles that were exposed to
alternating incubation steps in S-lactamases from P. aeruginosa
and 1X PBS every hour (Figure S8). Nonresponsive hydrogels
remained stable throughout these incubation steps and
exhibited no change in mass or nanoparticle release, as
expected. Responsive hydrogels exhibited the desired on—off
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response when the enzyme was introduced and removed,
respectively, which was most easily observed at the earlier time
points.

2.2.1. Effect of p-Lactamase Concentration and Source
on Hydrogel Response. Having explored the impact of
changes to the hydrogel formulation on f-lactamase-triggered
hydrogel degradation and nanoparticle release, we proceeded
to examine the impact of f-lactamase concentration and origin
on hydrogel behavior. For these studies, we used 10% (w/v)
responsive and nonresponsive hydrogels formulated with 100
nm nanoparticles. Figure 3a shows the effect on the hydrogels
of increasing the concentration of f-lactamases from P.
aeruginosa. Nonresponsive hydrogels remained stable, as
expected, and exhibited no mass loss or nanoparticle release.
For responsive hydrogels, a more rapid degradation of the
responsive hydrogels was observed with 50 U/mL versus 30
U/mL of B-lactamase leading to complete degradation in 3.5 h
versus 8 h, respectively. In both enzyme concentrations,
nanoparticle release and hydrogel degradation exhibited a
strong linear correlation (Figure 3b).

We observed that the bacterial source of the f-lactamases
had a significant impact on hydrogel degradation rate. There
are four major classes of f-lactamases, and at the time of
writing, there have already been ~7400 different f-lactamases
reported.”® Bacteria produce varying levels of different f-
lactamases in a dynamic manner, which can affect the
hydrolysis kinetics of the f-lactamase-cleavable crosslinker in
the responsive hydrogel backbone. Specifically, we investigated
the hydrogel response in f-lactamases from Gram-positive
Bacillus cereus and Gram-negative Enterobacter cloacae. While
nonresponsive hydrogels remained stable in these enzymes,
responsive hydrogels incubated in f-lactamases isolated from
B. cereus and E. cloacae required drastically differing
concentrations of enzyme to achieve hydrogel degradation
on the time scale of hours, which is comparable with what was
observed for ff-lactamases isolated from P. aeruginosa at 30 U/
mL (Figure 3c). We observed that hydrogels incubated in 1 U/
mL of f-lactamases from E. cloacae exhibited a rapid, linear
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Figure 3. Effect of enzyme concentration and bacterial source on f-lactamase-triggered hydrogel degradation and nanoparticle (NP) release. (a)
Wet mass and NP release of 100 nm NP-loaded 10% (w/v) responsive (R) and nonresponsive (NR) hydrogels incubated with 30 U/mL or 50 U/
mL of f-lactamases from P. aeruginosa (fL-PA). Wet mass is normalized to the initial mass of the swollen hydrogels before incubation with f-
lactamases. NP release is normalized to the NP fluorescence signal measured in the incubation solution after complete hydrogel degradation. (b)
Normalized NP release as a function of normalized wet mass loss of 100 nm NP-loaded 10% (w/v) R hydrogels incubated with 30 U/mL or 50 U/
mL of SL-PA, with each data point representing one time point. The linear fit and coefficient of determination, R% are shown for each enzyme
concentration in red (30 U/mL) and black (50 U/mL). (c) Wet mass and NP release of 100 nm NP-loaded 10% (w/v) R and NR hydrogels
incubated with either 1 U/mL of f-lactamases from E. cloacae (L-EC), 30 U/mL of SL-PA, or 400 U/mL of f-lactamases from B. cereus (fL-BC).
(d) Normalized NP release as a function of normalized wet mass loss of 100 nm NP-loaded 10% (w/v) R hydrogels incubated with 1 U/mL of fL-
EC, 30 U/mL of SL-PA, or 400 U/mL of fL-BC, with each data point representing one time point. The linear fit and coefficient of determination,
R?, are shown for each enzyme source in black (fL-EC), red (fL-PA), and blue (fL-BC). Data are presented as mean + standard deviation; n = 4.

degradation over ~3.5 h, while hydrogels incubated in 400 U/
mL of f-lactamases from B. cereus degraded over ~8.5 h.
Nanoparticle release was enabled by responsive hydrogel
degradation, with the release kinetics following closely with
hydrogel mass loss (Figure 3d). Responsive hydrogels
formulated with 25 and 50 nm nanoparticles exposed to 1
U/mL of f-lactamases from E. cloacae exhibited comparable
degradation and nanoparticle release kinetics as the for-
mulations containing 100 nm nanoparticles (Figure S9). We
found that eq 7 did a good job of fitting the mass time course
for the 100 nm nanoparticle-loaded responsive hydrogels in f-
lactamases from P. aeruginosa and B. cereus at the tested
concentrations, although not quite as well as what was
observed for responsive hydrogels in f-lactamases from E.
cloacae (Figure S10), which suggests that these hydrogels may
not undergo an entirely surface-erosion-based degradation.
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The differences between the hydrogel responses observed may
be due to differences in the types of f-lactamases produced by
the three bacterial species, as well as the specific strains that
were utilized. f-Lactamases exhibit varying specificity and
activity toward different f-lactam containing compounds.®’
For example, some S-lactamases have a larger or more flexible
substrate binding pocket compared with other classes of -
lactamases and can better accommodate polymers or bulky
moieties near the f-lactam ring.”>*"**

2.2.2. Cytocompatibility of p-Lactamase-Degraded Re-
sponsive Hydrogels. We investigated cytocompatibility of the
responsive hydrogels by exploring the effect of the degraded
hydrogel products on the metabolic activity of murine
fibroblasts (NIH 3T3) and human umbilical vein endothelial
cells (HUVEC), along with potential hemolysis of human red
blood cells (HRBCs). These cells were selected as

https://doi.org/10.1021/acsami.2c02614
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Table 2. Bacteria Strains Tested with Responsive and Nonresponsive Hydrogels

Bacteria Strain Gram B-lactamase Nitrocefin Disk Assay*
S. aureus ATCC® 25923™ Positive No 4)
B. cereus ATCC® 13061™ Positive Yes
P. aeruginosa ATCC® 27853™ Negative Yes
E. cloacae ATCC® 13047™ Negative Yes ‘
K. pneumoniae Clinical isolate 3834 Negative Yes
K. pneumoniae Clinical isolate 1603 Negative Yes -
Water — — D

*Red color indicates p-lactamase production.
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Figure 4. Hydrogel degradation in f-lactamase-producing B. cereus cultures. (a) Representative digital images of 100 nm nanoparticle (NP)-loaded
10% (w/v) responsive (R) and nonresponsive (NR) hydrogels incubated with B. cereus cultures over time. The dashed circular overlay outlines the
hydrogel circumference. Images are representative of three repeats. Note that the media at O h appears translucent as the initial bacteria density of 1
X 10 colony forming unit (CFU)/mL does not visually appear turbid. The last image at 30 h was taken following culture removal to enable a
clearer view of the wells. (b) Normalized NP release from R and NR hydrogels incubated in B. cereus cultures. NPs were only detected in B. cereus
cultures incubated with R hydrogels. Data is presented as mean + standard deviation; n = 3.

representative of mammalian cells that would be encountered
in wounds where these hydrogels may eventually be applied.
Responsive hydrogels [15% (w/v)] were completely degraded
in f-lactamases from P. aeruginosa, B. cereus, or E. cloacae. The
mammalian cells were incubated with these degradation
products, along with 4-arm-PEG-thiol macromer, responsive
crosslinker (mal-f-lactam-mal, compound 3), f-lactamases,
and the appropriate positive and negative controls. A CCK-8
assay indicated no significant difference in HUVEC or NIH
3T3 viability for any of the hydrogel degradation products
compared with untreated controls (Figure S11a); the polymer
backbone, crosslinker, and f-lactamases also had no impact on
cell viability (Figure S11b). As expected, HRBC hemolysis was
not observed for any of the hydrogel degradation products
(Figure Sllc). Overall, these results indicate that the
responsive hydrogel degradation products are compatible
with important mammalian cell types.

2.3. Hydrogel Stability in Non-f#-Lactamase Enzymes.
The p-lactamase specificity of the responsive hydrogels was
further examined by exposing 10% (w/v) responsive and
nonresponsive hydrogels formulated with 100 nm nano-
particles to other enzymes that are commonly observed in
wound environments where these hydrogels may eventually be
applied to treat potential infections. Specifically, we inves-
tigated incubation in collagenases and lipases. Collagenases are
produced by bacteria like P. aer'utginasalsg_61 as a virulence
factor and also by mammalian cells during tissue remodeling
and wound I’lealing.""z‘é3 Lipases are also produced by

pathogenic bacteria such as P. aeruginosa®** and Staph-
ylococcus aureus®® as virulence factors that play a role in
metabolizing lipids. When incubated with lipases or
collagenases for 7 days, neither responsive nor nonresponsive
hydrogels exhibited a decrease in wet mass (Figure S12),
suggesting that our responsive hydrogels exhibit a f-lactamase-
specific degradation. Interestingly, while nonresponsive hydro-
gels exhibited no change in their wet mass over this time, the
wet mass of the responsive hydrogel formulations gradually
increased. This behavior was also observed in PBS buffer
controls that were included (Figure S12). The observed
swelling was likely due to increasing network expansion and
hydrogen bonding driven by the p-lactam moieties in the
responsive hydrogels (Figure SS). Despite the swelling of the
responsive hydrogels, no nanoparticle release was detected
from these formulations or from the nonresponsive hydrogels
in any of the non-f-lactamase test conditions over 7 days at 37
°C, thereby indicating no uncontrolled release. The responsive
hydrogels maintained their responsiveness when later
incubated in pf-lactamases from P. aeruginosa (data not
shown), indicating the stability of the f-lactam crosslinker
under these conditions. Altogether, these results demonstrate
the potential of this platform to prevent uncontrolled release
and achieve enzyme-triggered release of antibacterial agents.
2.4, Hydrogel Degradation and Nanoparticle Release
in the Presence of Bacteria. Having established the f-
lactamase-responsive degradation of these hydrogels, we next
examined whether this triggered hydrogel degradation is also
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Figure 5. Responsive hydrogel degradation by f-lactamase-producing bacteria on agar. Digital images over time of 10% (w/v) nonresponsive (NR)
and responsive (R) hydrogels incubated on agar inoculated with f-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae 13047, K
pneumoniae 3834, and K. pneumonige 1603; non-f-lactamase-producing S. aureus 25923; and a sterile agar control at 37 °C. Images are

representative of three repeats.

observed in the presence of f-lactamase-producing bacteria.
Both responsive and nonresponsive 10% (w/v) hydrogels were
incubated with a range of Gram-positive and Gram-negative
bacteria, including several ESKAPE pathogens (Enterococcus
faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and Enterobacter spp.). The highly
virulent ESKAPE pathogens are particularly concerning
because of the prevalence of antibiotic resistance in these
species. Specifically, we examined strains of S. aureus,
K.pneumoniae, P. aeruginosa, E. cloacae, and B. cereus (a non-
ESKAPE pathogen). We first categorized the specific strains
selected as either f-lactamase-producing or non-f-lactamase-
producing by examining nitrocefin hydrolysis and nitrocefin
disk color change upon exposure to these bacteria (Table 2).
Our results agreed with previous reports confirming p-
lactamase-production by B. cereus 13061, P. aeruginosa
27853, E. cloacae 13047, and K. pneumoniae 1603 and 3834
and lack of f-lactamase-production by S. aureus 25923.

Hydrogels formulated with 100 nm nanoparticles were then
examined when incubated with B. cereus because of the ease of
monitoring nanoparticle release in these cultures (i.e., lack of
interfering fluorescence signals). The responsive hydrogels
were found to fully degrade in B. cereus cultures over 30 h, as
demonstrated by their decreasing size (Figure 4a) and
accumulation of nanoparticles released into the culture over
time (Figure 4b). In contrast, no changes were detected in
nonresponsive hydrogels incubated with B. cereus, and no
nanoparticle release was observed (Figure 4). These results
further confirmed the degradation and triggered cargo release
achieved by the responsive hydrogels in f-lactamase-producing
bacteria.

Next, we investigated f-lactamase-triggered degradation of
hydrogels incubated with bacteria cultured on agar (Figure 5).
Similar to the results observed for hydrogels incubated with B.
cereus bacterial suspensions, responsive hydrogels degraded on
agar inoculated with B. cereus, while nonresponsive hydrogels
did not. Responsive hydrogels also underwent degradation
over time with all other f-lactamase-producing bacteria
examined, including the K pneumoniae clinical isolates, while
nonresponsive hydrogels remained stable and visibly un-
changed on the agar during this time. Responsive and
nonresponsive hydrogels incubated on the non-f-lactamase-
producing S. aureus 25923 behaved identically and remained
stable and unchanged on the bacteria inoculated agar over 7
days. These results matched controls of hydrogels incubated
on sterile, non-bacteria-inoculated agar over 7 days. The time
scales of degradation observed for responsive hydrogels on
agar inoculated with the f-lactamase-producing strains varied
widely, ranging from a day for B. cereus to 2—3 days for both K
pneumoniae clinical isolates to ~8 days for P. aeruginosa and E.
cloacae (Figure S). Note, the green-blue color seen in the
hydrogels incubated on P. aeruginosa is likely the pyocyamn
and pyoverdine metabolites secreted by P. aeruginosa,®®®’
which can change the color of media and agar and here also
seems to diffuse into the hydrogels. There are many factors
that may contribute to the differences in degradation time
observed, including differences in f-lactamase composition and
concentration produced by these strains, which may also be
influenced by differences in bacterial growth rates in the
specific media and growth conditions used. Overall, these
results indicate that the p-lactamase-responsive hydrogels
retain their enzyme-responsive degradation capability in the
presence of a broad range of f-lactamase-producing bacteria

https://doi.org/10.1021/acsami.2c02614
ACS Appl. Mater. Interfaces 2022, 14, 27538-27550

76



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

B. cereus 13061

P. aeruginosa 27853

K. pneumoniae 3834

Day 0 Day1 Day 2

E. cloacae 13047

Day 0 Day 1

Day 2 Day3

Day 5
§ 7 ?:._- _-: 3

Sterile pig skin S. aureus 25923
Day 1 Day 3 Day 6 Day 3 Day 6 Day 7
e IR 'T‘“— - -~ z -

- %
- et -
=

Figure 6. Responsive hydrogel degradation by f-lactamase-producing bacteria on ex vivo porcine skin. Digital images over time of 10% (w/v)
nonresponsive (NR) and responsive (R) hydrogels incubated on porcine ex vivo skin tissue inoculated with f-lactamase-producing B. cereus 13061,

P. aerugi 27853, E.
control at 37 °C. Images are representative of three repeats.

13047, K. pneumoniae 3834, K. pneumoniae 1603; non-f-lactamase-producing S. aureus 25923; and a sterile agar

and that non-fJ-lactamase-cleavable hydrogels remain stable in
these conditions.

2.4.1. Hydrogel Response in an Ex Vivo Infection Model.
After demonstrating the robust f-lactamase response of the
hydrogels developed here in vitro, we investigated the
translational potential of the hydrogels using model infections
of ex vivo porcine skin tissue. Ex vivo porcine skin inoculated
with bacteria is commonly used as a model to study wound
infections that closely mimic superficial tissue infections.®® As
shown in Figure 6, again, only the responsive hydrogels
degraded when incubated on porcine skin inoculated with the
P-lactamase-producing B. cereus, P. aeruginosa, K. pneumoniae,
and E. cloacae, while the nonresponsive hydrogels remained
stable. As with the agar studies, responsive and nonresponsive
hydrogels remained stable and visibly unchanged on S. aureus
25923 inoculated and sterile porcine tissue. These results
further confirmed the selective degradability of the hydrogels
by p-lactamase-producing bacteria. Interestingly, degradation
induced by P. aeruginosa was faster on the skin (~4 days) than
on agar (~8 days). A potential reason for this more rapid
degradation by P. aeruginosa may be a higher bacteria growth
rate on skin compared with agar, which has been observed in
an ex vivo human skin model infected with P. aeruginosa
PAO1,%" potentially resulting in a higher concentration of /-

lactamases. K. pneumoniae inoculated samples also demon-
strated a faster hydrogel degradation on pig skin (1-2 days)
compared with agar (~3 days), while E. cloacae demonstrated
slower degradation on pig skin (~14 days) than on agar (~8
days). Future in vivo investigation of these materials will enable
further understanding of the differences in hydrogel degrada-
tion rates on the basis of the type of bacteria and f-lactamases
present and also factors such as host immune response and
wound healing.

3. CONCLUSIONS

In this work, a p-lactamase-cleavable crosslinker was
synthesized and used to fabricate p-lactamase-degradable
hydrogels. These responsive hydrogels are the first hydrogel
drug delivery platform demonstrated to achieve a f-lactamase-
controlled release of encapsulated cargo. Responsive degrada-
tion of the hydrogels was observed in the presence of f-
lactamases isolated from several different bacteria as well as f-
lactamase-producing bacteria (including several ESKAPE
species) both in vitro and in an ex vivo porcine skin infection
model. In the conditions investigated, it was observed that
nanoparticle cargo release from responsive hydrogels was
enabled only by f-lactamase-triggered hydrogel degradation.

Hydrogels incubated in other common enzymes found in
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wounds, namely collagenases and lipases, did not degrade or
release nanoparticles, demonstrating selectivity for f-lacta-
mases. This bacterial enzyme-responsive hydrogel has the
potential to be used for the on-demand delivery of
encapsulated antimicrobial nanoparticles. A broad range of
nanoparticle cargo that is larger than the average hydrogel
mesh size could be included, such as liposomes, micelles,
nanogels, silver nanoparticles, and other polymeric drug
carriers (e.g, drug-loaded or drug-coated nanoparticles and
cationic nanoparticles). The hydrogel would thus prevent
uncontrolled release of the encapsulated therapeutics and
ensure triggered release only upon matrix cleavage by S-
lactamases. Our results have demonstrated that a wide range of
cargo sizes (25 to 100 nm) can achieve a triggered release
using this hydrogel system. These hydrogels hold great
promise for use as prophylactic biomaterial, such as a wound
dressing that can deliver encapsulated therapeutics on-demand
when triggered by the presence of pathogenic, f-lactamase-
producing bacteria. The mechanism of action of this drug
delivery system will allow for reduced unnecessary exposure to
encapsulated therapeutics and effective local delivery, which
can reduce off-site toxicity and lower susceptibility for
antibiotic resistance development.

4, METHODS

4.1. Synthesis and Characterization of f-Lactamase-Cleav-
able Crosslinker. Figure S1 provides the reaction scheme for the
synthesis of the f-lactamase-responsive crosslinker, mal-f-lactam-mal
(compound 3), used in the fabrication of f-lactamase-responsive
hydrogels. Details of the syntheses for compounds 1, 2, and 3 are
provided in the Supporting Information.

4.2. Hydrogel Fabrication. Responsive and nonresponsive
hydrogels were formed using the f-lactamase-cleavable crosslinker,
mal-f-lactam-mal (compound 3), and a noncleavable crosslinker, mal-
PEG-mal, respectively. The appropriate crosslinker was dissolved in
dimethyl sulfoxide (DMSOQ). 4-arm-PEG-thiol was dissolved in 1x
PBS (pH 7) or in 0.1X PBS (pH 3) for responsive or nonresponsive
hydrogel fabrication, respectively. These buffer concentrations and
pH values were selected to achieve similar gelation times between the
two hydrogel types. Hydrogels of varying polymer density [S, 10, and
15% (w/v)] were formed by mixing the crosslinker and PEG at a 1:1
maleimide/thiol stoichiometric ratio with the resulting hydrogel
containing 25% (w/w) DMSO in PBS. The prepolymer mixture was
rapidly vortexed, and S0 L was transferred into a 2 mm (height) X 5
mm (diameter) cylindrical polydimethylsiloxane (PDMS) mold.
Gelation occurred within ~10 min; however, samples were left for
1.5 h at 37 °C to ensure complete gelation throughout the full
hydrogel volume. For nanoparticle-loaded hydrogel studies, fluo-
rescent polystyrene nanoparticles of the desired size were added to
the prepolymer PEG solution at a final concentration of 0.08% (w/v).
Hydrogel crosslinking efficiency, swelling, rehydration, and mechan-
ical properties assessment methods are described in Supporting
Information.

4.3. Examining Hydrogel Response in Enzyme Solutions.
The hydrogel degradation response and nanoparticle release in
enzyme solutions were investigated by fabricating 5, 10, and/or 15%
(w/v) responsive and nonresponsive hydrogels with 100 nm
polystyrene nanoparticles and then swelling the hydrogels in 2 mL
of 1x PBS (pH 7.4) at 37 °C with shaking (100 rpm) for ~16—18 h
to remove DMSO (and potential surface bound nanoparticles).

These swollen hydrogels were incubated with f-lactamases in 1 mL
of 1x PBS (pH 7.4) at 37 °C with shaking (100 rpm). For all §-
lactamases tested, activity was reported by the vendor with one unit
(U) defined as hydrolyzing 1.0 gmol of benzylpenicillin per min at pH
7.0 at 25 °C. At predetermined time points, hydrogels were removed
from the f-lactamase solution and weighed. Simultaneously, 150 uL
of the incubation solution was removed and nanoparticle fluorescence

(excitation 580 nm, emission 607 nm) was measured. This
fluorescence signal was compared with standard curves of just
nanoparticles in enzyme solution to determine released nanoparticle
concentration from the hydrogels. These incubation solutions and
hydrogels were placed back into the p-lactamase solution for
continued monitoring of degradation and release.

Hydrogels [10% (w/v) fabricated with 100 nm polystyrene
nanoparticles] were similarly examined for potential nonspecific
degradation in collagenases and lipases. Collagenase solutions were
formulated at 0.1 and 1 mg/mL in 1X PBS (pH 7.4) with 1 mM of
calcium chloride (note, 1 mg contains 229 collagen digestion units
(CDUs), where 1 CDU liberates peptides from collagen from bovine
achilles tendon equivalent to 1.0 umol of leucine in S h at pH 7.4 at
37 °C in the presence of calcium). Lipase solutions were formulated
at 1.4 mg/mL in 1X PBS (pH 7.4) (note, 1 mg contains 35 units,
where 1 unit liberates 1 ymol of oleic acid per min at pH 8.0 and 40
°C). Potential contamination was prevented by adding 0.02% (w/v)
sodium azide to these enzyme solutions, which were refreshed every
24 h over the course of 168 h.

4.4. Examining Hydrogel Response to Bacteria. Hydrogel
response was examined upon incubation of 10% (w/v) hydrogels with
p-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae
13047, K. pneumoniae 1603 and 3834 and non-f-lactamase-producing
S. aureus 25923. All bacteria were utilized in their logarithmic growth
phase in tryptic soy broth (TSB), as determined by optical density
measurements at 600 nm. For all assays, responsive and non-
responsive hydrogels were swollen after fabrication, as done for the
hydrogel response studies in enzyme solutions, and then sterilized via
ultraviolet light in a Nuaire Class II Type A2 biosafety cabinet for 15
min at RT. Details of hydrogel response assessment methods in
bacterial growth media, on agar, and on porcine skin are provided in
the Supporting Information.

4.5, Statistical Analysis. Results are reported as mean + standard
deviation whenever appropriate. All experiments were repeated three
times with three samples at minimum. Statistical significance was
calculated using unpaired, two-tailed Student’s ¢ test or one- or two-
way analysis of variance (ANOVA; a = 0.05) with Tukey’s posthoc
analysis using GraphPad PRISM software. A value of p < 0.05 was
considered statistically significant; *, p < 0.05; **, p < 0.01; ***, p <
0.001; ***¥% p < 0.0001. MATLAB was used for data fitting and
obtaining goodness of fit.
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