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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 β-lactamase enzymes; these

enzymes are produced by a broad range of bacteria and hydrolyze the β-lactam ring in

commonly prescribed antibiotics, thus thwarting their efficacy. In this work, we

developed hydrogels that macroscopically degrade in the presence of β-lactamases and

β-lactamase-producing bacteria to serve as a platform for bacteria-triggered drug

delivery. Within the hydrogel backbone is a β-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 β-lactamases and

β-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

β-lactam crosslinker remained stable in β-lactamases and β-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.
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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.1 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.2,3 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.3 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).4 The

excitement surrounding antibiotic drug discovery research soon came to a head as
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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.4

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.5 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.6 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.5

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.7 β-lactamases

are one of the most notable enzymatic drivers of resistance; these enzymes are produced

by a range of bacteria and specifically target the β-lactam ring in commonly used
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antibiotics (i.e., Penicillin, carbapenems, etc).8 Their mechanism of action relies on

initial complexation of the antibiotic in the active site of the β-lactamase enzyme leading

to hydrolysis of the amide bond in the β-lactam ring (Figure 1).9 The hydrolysis of the

β-lactam ring renders the antibiotic ineffective as the active component of β-lactam

antibiotics is the ring itself. β-lactam antibiotics have been the largest group of antibiotics

prescribed and the resistance against them remains a critical challenge to overcome.7

Figure 1. The mechanism of hydrolysis of β-lactam antibiotics by bacterial β-lactamase
enzymes. Adapted from a previous report.9

Bacteria have also adapted mechanisms to actively remove antibiotics utilizing efflux

pumps once it detects the presence of antibiotics.7 Efflux pumps are primarily porins that

span the cell membrane to actively remove a drug or antibiotic that has entered into the

bacterial cytoplasm.10 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.10

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.11 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.12 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.13 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.14

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.15,16 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.17 Additionally, this misuse and overuse of antibiotics can
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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.18

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.19 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.20 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.21 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).22 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.23 These nanoparticles could then be administered for

systemic infection (i.e., sepsis)24 or delivered to the lung via an inhaler to treat pulmonary

infections, for example.25 Similar nanoparticles have been developed for treating a range

of infections using other materials including inorganic silica26,27 or lipids.28 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.29 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.30 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.31 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.32

Wound Dressings

Wound dressings that can deliver drugs are also important developments in medicine

especially for treating and preventing chronic wounds.15 It is estimated that nearly 2% of

the United States population is affected by chronic wounds which are highly prone to

infection.33 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.15 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).34 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.35 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.14 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.14

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.36 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.37 Smart drug delivery systems that use endogenous stimuli have aided in

overcoming these drawbacks38,39 and have been employed in a wider range of
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applications. Endogenous triggers such as pH,40,41 bacterial toxins,42 and enzymes have

been extensively used to design self-defensive drug delivery systems.43 Bacteria can

produce lactic and acetic acid, causing a decrease in local pH at infection sites,43,44 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)45,46 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

such as hyaluronidases,47–49 proteases,50 phosphatases,51 and lipases.52,53 However, many

of these bacterial enzymes have mammalian analogs that operate similarly,54 thus

negating the specificity towards bacteria. β-lactamases are enzymes produced only by

bacteria55 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

β-lactamase enzymes are produced by both gram-negative and positive bacteria and are

one of the leading causes of antibiotic resistance;56 they hydrolyze the β-lactam ring

present in many highly prescribed β-lactam antibiotics (i.e., penicillins, carbapenems, and

cephalosporins), rendering them ineffective.57 The mechanism by which cephalosporins

get hydrolyzed by β-lactamases is particularly interesting because this hydrolysis leads to

release of the 3’-C position leaving group (Figure 2).58 This mechanism has been

explored for development of β-lactamase-responsive prodrugs for the release of
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antibiotics59–61 or chromogenic molecules62 for treatment and detection of bacterial

infection, respectively.

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 β-lactamases or β-lactamase-producing bacteria specifically.

Our hydrogels undergo cleavage of a β-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.63 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. “β-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, β-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).

FluoSpheresTM carboxylate-modified fluorescent polystyrene nanoparticles (25, 50, and

100 nm diameter), silica gel, tryptic soy broth (TSB), and SYLGARDTM 184 silicone
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elastomer kit were purchased from Thermo Fisher Scientific (Waltham, MA). Bacto agar

and BD BBLTM CefinaseTM paper discs were purchased from BD (Franklin Lakes, NJ).

Deuterated acetone (acetone-d6) and chloroform (CDCl3) 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% N2) was

obtained from Corp Brothers, Inc. (Providence, RI). Ultrapure deionized water (18.2

MΩ·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 (1H-NMR) was recorded on a Bruker DRX Avance

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

million (ppm) relative to CDCl3 (7.26 ppm) or acetone-d6 (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 β-lactamase-cleavable crosslinker, compound 1, was synthesized based

on previous reports.64 ACLE (1.48 mmol) was dissolved in anhydrous DCM (20 mL) and

stirred on ice under N2. 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% yield). HRMS-ESI: m/z calculated for C22H23N3O4S2+ [M+H]+: 458.1129;

found: 458.1199. 1H-NMR (Appendix A, Figure S2, 400 MHz, CDCl3) δ (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, J2

= 143.8 Hz, 2H).

2.2  Synthesis of Compound 2

To synthesize the protected mal-β-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 N2 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 C36H33N5O10S2+ [M+H]+: 760.1678; found: 760.1746. 1H-NMR

(Appendix A, Figure S3, 400 MHz, acetone-d6) δ (ppm): 9.34 (s, 1H), 8.02 (d, J = 8.5,

1H), 7.59 (d, J = 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 N2 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 C28H25N5O9S2+ [M+H]+: 640.1083; found: 640.1152. 1H-NMR

(Appendix A, Figure S4, 400 MHz, acetone-d6) δ (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, J = 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, 5H), 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 1× PBS (pH

7.4) at 37°C with shaking (100 rpm) for 48 h, followed by measuring their wet mass, Mw.

The swollen gels were then lyophilized at RT for 72 h, and the dry mass was measured,

Md. The equilibrium swelling ratio, Qs, was calculated using Equation 1, and then used in

estimation of the average mesh size.65–67 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)).

(1)𝑄
𝑠
 =  

𝑀
𝑤

 − 𝑀
𝑑

𝑀
𝑑

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 1× 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, Mt. The rehydration ratio, RR, was assessed using Equation 2.

(2)𝑅𝑅 =  
𝑀

𝑡

𝑀
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 β-lactamase-cleavable

crosslinker, mal-β-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 1× PBS (pH 7) or in 0.1× 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 μL was transferred into a 2 mm (height) × 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 β-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 1× 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 β-lactamases in 1 mL of 1× PBS (pH 7.4)

at 37°C with shaking (100 rpm). For all β-lactamases tested, activity was reported by the

vendor with one unit (U) defined as hydrolyzing 1.0 μmol of benzylpenicillin per min at

pH 7.0 at 25°C. At predetermined time points, hydrogels were removed from the

β-lactamase solution and weighed. Simultaneously, 150 μL 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

β-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.

(3)𝑚(𝑡) =  ρπ𝑟(𝑡)2ℎ(𝑡)

(4)𝑟(𝑡) =  𝑟
𝑜
 −  𝑘𝑡

(5)ℎ(𝑡) =  ℎ
𝑜
 −  𝑘𝑡

(6)𝑋 =  
𝑚

𝑜

ρπ𝑟
𝑚𝑜𝑙𝑑
2 ℎ

𝑚𝑜𝑙𝑑
( )1/3

(7) 𝑟
𝑜
 =  𝑋 · 𝑟

𝑚𝑜𝑙𝑑

29



(8) ℎ
𝑜
 =  𝑋 · ℎ

𝑚𝑜𝑙𝑑

(9)𝑚(𝑡) =  ρπ[𝑟
𝑜
2ℎ

𝑜
 −  𝑘𝑟

𝑜
(2ℎ

𝑜
 +  𝑟

𝑜
)𝑡 +  𝑘2(2𝑟

𝑜
 +  ℎ

𝑜
)𝑡2 −  𝑘3𝑡3]

Here, the mass, m(t), of the cylindrical hydrogels at any time, t, is a function of the

hydrogel density, ρ; radius, r(t); and height, h(t). Equations 4 and 5 describe the linear

change in hydrogel dimensions over time due to surface erosion, assuming a rate

constant, k. Here, ro and ho 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, mo, and the known radius and height of the mold used to

fabricate the hydrogels, rmold and hmold, 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 k for 5, 10, and 15%

(w/v) responsive hydrogels incubated in β-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

β-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae 13047, K.

pneumoniae 1603 and 3834 and non-β-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 × 108 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 1× PBS three times. Bacteria at 1 × 107 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/cm2 in DMEM and EGM-2 media supplemented with

10% FBS and 1% (v/v) penicillin/streptomycin, respectively, at 37°C with 5% CO2. After

24 h, cells were treated with solutions of the following: 1× PBS (pH 7.4),

4-arm-PEG-thiol in 1× PBS (pH 7.4), mal-β-lactam-mal in 1% (v/v) DMSO in 1× PBS

(pH 7.4), degraded hydrogel products obtained by incubating hydrogels for 24 hours in

β-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 1× PBS (pH 7.4), and the same concentrations of β-lactamases in 1× PBS (pH

7.4). The 4-arm-PEG-thiol and mal-β-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 μL CCK-8

solution was added to each well and incubated for 2 h at 37°C and 5% CO2. Absorbance

at 450 nm (Abs450) was measured using a plate reader. Cell viability was calculated using

Equation 10.

(10)𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐴𝑏𝑠

450, 𝑠𝑎𝑚𝑝𝑙𝑒
 − 𝐴𝑏𝑠

450, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝐴𝑏𝑠
450, 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

 − 𝐴𝑏𝑠
450, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

 ×  100

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 μL

of the following: 1× PBS (pH 7.4), 4-arm-PEG-thiol in 1× PBS (pH 7.4),

mal-β-lactam-mal in 1% (v/v) DMSO in 1× PBS (pH 7.4), degraded hydrogel products

obtained by incubating hydrogels for 24 hours in β-lactamases from P. aeruginosa at 30

U/mL, B. cereus at 400 U/mL, and E. cloacae at 1 U/mL in 1× PBS (pH 7.4), and the

same concentrations of β-lactamases in 1× PBS (pH 7.4). The 4-arm-PEG-thiol and

mal-β-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 μL of the supernatant in each

well was transferred to a new 96-well plate. Absorbance at 540 nm (Abs540) was

measured using a plate reader. Hemolysis was calculated using Equation 11.
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(11)𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =  
𝐴𝑏𝑠

540, 𝑠𝑎𝑚𝑝𝑙𝑒
 − 𝐴𝑏𝑠

540, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝐴𝑏𝑠
540, 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

 − 𝐴𝑏𝑠
540, 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

 ×  100

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; α = 0.05) with Tukey’s post hoc analysis using GraphPad PRISMTM

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. “β-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 β-lactamase-cleavable cephalosporin (Appendix A, Figure

S1, compound 3) was synthesized in order to fabricate β-lactamase-degradable hydrogels,

hereinafter termed “responsive hydrogels.” In the presence of β-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)

β-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 β-lactam was deprotected by the removal of the p-methoxybenzyl

protecting group, yielding the β-lactamase-responsive crosslinker, mal-β-lactam-mal

(Appendix A, Figure S1, compound 3). The carboxylic acid is an enzyme−substrate

recognition site for some β-lactamases,68 rendering the deprotection step critical for

activity with a broader range of β-lactamases. Proton nuclear magnetic resonance (1H

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 β-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 β-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.

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 1× phosphate

buffered saline (PBS) (pH 7) were polymerized within ∼10 min, while the non-responsive

hydrogels required 0.1× PBS (pH 3) to achieve a similar gelation time. Thiol reactivity

may have been the differentiating factor that influenced polymerization time between the
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two formulations. The carboxylic acid of compound 3, which is negatively charged at pH

7, potentially increases the pKa 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.69,70

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.71–73 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 β-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.74,75 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.

Figure 3. Crosslinking efficiency (a), elastic modulus (b), equilibrium swelling ratio (Qs)
(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; *, α, and ε are p < 0.05; **, β, and ζ are p
< 0.01; ***, γ, and η are p < 0.001; ****, δ, and θ are p < 0.0001).
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Table 2. Elastic 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) Equilibrium Swelling
Ratio, Qs

Mesh Size (nm)

PEG %
(w/v)

Nanoparticles
(+/-) R NR R NR R NR

5
+ 6.6 ± 0.8 9.6 ± 0.7 31.8 ± 1.7 28.3 ± 1.1 6.2 ± 0.1 5.9 ± 0.1

- 6.0 ± 0.5 7.8 ± 0.8 32.3 ± 2.3 28.7 ± 1.7 6.2 ± 0.2 5.9 ± 0.2

10
+ 7.4 ± 1.5 18.7 ± 1.0 26.0 ± 1.2 22.5 ± 2.9 5.8 ± 0.1 5.4 ± 0.3

- 9.5 ± 0.3 20.1 ± 3.5 25.6 ± 1.7 22.5 ± 1.5 5.8 ± 0.2 5.4 ± 0.2

15
+ 17.0 ± 1.0 34.8 ± 4.2 22.0 ± 0.6 16.9 ± 0.5 5.5 ± 0.1 4.8 ± 0.1

- 26.1 ± 5.0 35.8 ± 1.0 23.1 ± 1.4 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 1× 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,76 which can affect

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

To investigate the behavior of hydrogels in β-lactamases, 10% (w/v) responsive and

non-responsive hydrogels formulated with 25, 50, and 100 nm polystyrene nanoparticles

were incubated in β-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 β-lactamases.77 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 β-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.78,79 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.80 Many β-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.81
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Figure 4. Effect of encapsulated nanoparticle (NP) diameter on β-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 β-lactamases from P. aeruginosa. Wet mass is normalized to
the initial mass of the swollen hydrogels before incubation with β-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, R2, 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 β-lactamases had a significant impact on

hydrogel degradation rate. There are four major classes of β-lactamases, and at the time

of writing, there have already been ∼7400 different β-lactamases reported.82 Bacteria

produce varying levels of different β-lactamases in a dynamic manner, which can affect

the hydrolysis kinetics of the β-lactamase-cleavable crosslinker in the responsive

hydrogel backbone. We investigated hydrogel response in β-lactamases from

gram-negative Enterobacter cloacae to compare hydrogel degradation and nanoparticle

release kinetic differences. While non-responsive hydrogels remained stable in

β-lactamases, responsive hydrogels (with 25, 50, and 100 nm nanoparticles) incubated in
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β-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 β-lactamases from E. cloacae exhibited a rapid, linear degradation over ∼3.5 hours

(Figure 5a), while hydrogels incubated in 30 U/mL β-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 β-lactamases produced by the two

bacterial species, as well as the specific strains that were utilized. β-lactamases exhibit

varying specificity and activity towards different β-lactam containing compounds.83 For

example, some β-lactamases have a larger or more flexible substrate binding pocket as

compared to other classes of β-lactamases and can better accommodate polymers or

bulky moieties near the β-lactam ring.84–86

Figure 5. Effect of encapsulated nanoparticle (NP) diameter on hydrogel degradation and
NP release in β-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 β-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, R2, 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 β-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 μg/mL). These

results were expected due to the lack of a β-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

β-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 (R2) 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, β-lactamase-triggered release of

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

systems.

Figure 6. Modeling hydrogel mass loss over time assuming surface erosion of 100 nm-
nanoparticle loaded hydrogels in 30 U/mL β-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 β-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 (R2) for these formulations.
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3.4  Hydrogel Degradation and Nanoparticle Release in β-Lactamase-Producing

Bacteria

Having established the responsive degradation of these hydrogels in β-lactamase

solutions, we next examined whether this triggered hydrogel degradation is also observed

in the presence of β-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. Specifically, we examined a

non-β-lactamase-producing strain of S. aureus and β-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 β-lactamases, which were all confirmed based on previous reports.

Table 3. Bacteria strains tested with responsive and non-responsive hydrogels.
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We investigated β-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 β-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-β-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 β-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,87,88 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 β-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 β-lactamase-responsive hydrogels

retain their enzyme-responsive degradation capability in the presence of a broad range of

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

stable in these conditions.
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Figure 7. Responsive hydrogel degradation by β-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 β-lactamase-producing B. cereus 13061, P.
aeruginosa 27853, E. cloacae 13047, K. pneumoniae 3834, and K. pneumoniae 1603;
non-β-lactamase-producing S. aureus 25923; and a sterile agar control at 37°C. Images
are representative of three repeats.

After demonstrating the robust β-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.89 As shown in Figure 8, again, only the responsive hydrogels degraded when

incubated on porcine skin inoculated with the β-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

β-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 PAO1,90 potentially resulting in a higher concentration of β-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 β-lactamases present and also

factors such as host immune response and wound healing.
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Figure 8. Responsive hydrogel degradation by β-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
β-lactamase-producing B. cereus 13061, P. aeruginosa 27853, E. cloacae 13047, K.
pneumoniae 3834, K. pneumoniae 1603; non-β-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 β-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

β-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-β-lactam-mal, compound 3), β-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

β-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 β-lactamases from P.
aeruginosa (βL-PA, 30 U/mL), B. cereus (βL-BC, 400 U/mL), and E. cloacae (βL-EC, 1
U/mL) in 1× PBS (pH 7.4). (b) Cell viability of 1× PBS (pH 7.4), 4-arm-PEG-thiol in 1×
PBS (pH 7.4), mal-β-lactam-mal (mal-βL-mal) in 1× PBS (pH 7.4), and 30 U/mL βL-
PA, 400 U/mL βL-BC, and 1 U/mL βL-EC in 1× PBS (pH 7.4). 4-arm-PEG-thiol and
mal-βL-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 β-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 β-lactamase-cleavable crosslinker was synthesized and used to fabricate

β-lactamase-degradable hydrogels. These responsive hydrogels are the first hydrogel drug

delivery platform demonstrated to achieve a β-lactamase-controlled release of

encapsulated cargo. Responsive degradation of the hydrogels was observed in the

presence of β-lactamases isolated from several different bacteria as well as β-

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

β-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 β-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, β-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 β-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

β-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.91 The hydrogel-like properties

associated with nanogels enables interaction with cells and can enhance uptake by cells

as compared with their solid counterparts.91 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 β-lactamase-degradable nanogels utilizes in situ formation to

synthesize nanogels within solution. In 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 β-lactamase-cleavable crosslinker.

4-arm-PEG-thiol (5 kDa, purchased from Jenkem Technology, USA) was dissolved in 1×

PBS and the β-lactamase-cleavable crosslinker, mal-βL-mal, was separately dissolved in

equal parts DMSO and 1× PBS. The total volumes of the 4-arm-PEG-thiol and

mal-βL-mal mixtures should be equal prior to adding them to a heated solution of 1× PBS

(60℃). 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℃, the mal-βL-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.92 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,93 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 1× PBS with stirring at 900 rpm at 60℃. (b) Influence of stirring speed on
bacteria-responsive nanogel size using a total reaction volume of 2 mL of 1× PBS (pH 4)
at 60℃. (c) Influence of total reaction volume on bacteria-responsive nanogel size using
1× PBS (pH 4) with stirring at 900 rpm at 60℃. (d) Influence of stirring speed on
bacteria-responsive nanogel size comparing two different total reaction volumes (3 and 4
mL) in 1× PBS (pH 4) at 60℃.

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 β-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 β-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

β-lactamase-cleavable vancomycin conjugate by adapting synthetic approaches from our

previous report.94 In brief, this moiety will be synthesized from a cephalosporin

precursor, which contains the β-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-βL-vancomycin, will be accomplished using

protocols adapted from Yu, C. et al.94 and Umstätter, F. et al.95 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 1-[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℃. 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-βL-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 (1H

and 13C NMR), Fourier-transform infrared spectroscopy (FTIR), and liquid

chromatography-mass spectrometry (LC-MS) will be utilized to confirm successful

synthesis and purity96 of mal-βL-vancomycin.

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

Bacteria-Responsive Nanoparticles

Synthesis of PEGylated mal-βL-vancomycin. The responsive vancomycin conjugate,

mal-βL-vancomycin, will be functionalized with PEG chains of varying molecular

weights on vancomycin’s terminal secondary amine group using an adapted protocol

from Umstätter, F. et al.95 To begin, sulfonic acid-terminated PEG (PEG-SO3H) will be

dissolved in 1× PBS and the pH will be adjusted to reach mild alkaline conditions (pH
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8-9). Mal-βL-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,95 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-βL-vancomycin

to form antibacterial, bacteria-responsive nanoparticles. The thiolated SiNPs will be

synthesized using a modified, base-catalyzed Stöber method.97 The procedure for

synthesizing thiolated SiNPs, adapted from Fernandes, R. et al.,98 begins with diluting a

stock ammonia solution to 0.3 mol L−1 in absolute ethanol then heated to 70℃ 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−1

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. ζ- 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 assay99 to inform

conjugation of our responsive vancomycin conjugate. This assay uses

5,5’-dithio-bis-(2-nitrobenzoicacid) which readily reacts with free sulfhydryl (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)99 will provide

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

PEGylated mal-βL-vancomycin SiNPs. The thiolated SiNPs from above will be

conjugated with PEGylated mal-βL-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-βL-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.100 Sol-gel coatings are fabricated

using a polycondensation reaction with silica precursors,101 which can be modified to

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.102 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.103 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.103 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.104 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.104

61

https://www.zotero.org/google-docs/?i947UV
https://www.zotero.org/google-docs/?Q4yhV5
https://www.zotero.org/google-docs/?Ul1lyX
https://www.zotero.org/google-docs/?vVQqqn
https://www.zotero.org/google-docs/?mWM2AQ
https://www.zotero.org/google-docs/?4kTKAo
https://www.zotero.org/google-docs/?rrkkzJ


The coatings will be aged (allowed to set at room temperature) for 7-14 days. Following

aging, PEGylated mal-βL-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.104 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.105 eSEM-EDS will be utilized to

confirm successful conjugation of our responsive vancomycin conjugate;106 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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Appendices

Appendix A: Supporting Information - β-Lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release
Authors: Dahlia Alkekhia, Cassi LaRose, and Anita Shukla
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Appendix B: Peer-reviewed Publication - β-Lactamase-Responsive Hydrogel Drug
Delivery Platform for Bacteria-Triggered Cargo Release
Authors: Dahlia Alkekhia, Cassi LaRose, and Anita Shukla
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