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Abstract

Bacterial infections can be difficult to treat and potentially lethal due to the rising global

threat of antibiotic resistance. Systemic administration and overuse of antibiotics exac-

erbate antibiotic resistance. There is a need for therapeutic approaches to protect against

infections, detect the presence of antibiotic resistant bacteria, and provide highly controlled

delivery of antibacterial agents, to reduce development of antibiotic resistance. This thesis

focused on developing 1) coatings to prevent and treat device associated bacterial infec-

tions, 2) biomaterials with facile colorimetric indication of antibiotic resistant bacteria, and

3) bacteria-responsive biomaterials as a platform for spatiotemporally controlled delivery

of antibacterial agents to limit unnecessary exposure to drugs. Natural and synthetic poly-

mers, including newly developed responsive polymers, were utilized to formulate these

biomaterials. Layer-by-layer self-assembly was used to form multilayer polymeric films

with hyaluronic acid and poly-L-lysine (PLL), an antibacterial polypeptide. These coat-

ings reduced bacterial attachment to surfaces (critical for biofilm prevention) and inhibited

planktonic cell growth. PLL mobility, governed by molecular weight, influenced coating

stability, antibacterial mechanism of action, and extended efficacy over repeated exposure

to bacteria. Additionally, in this thesis, β-lactamases (βLs), the most prevalent cause of

antibiotic resistance, were used as enzymatic triggers for bacteria-responsive biomaterials.

To develop biomaterials with a facile, colorimetric indication of bacterial infection, a chro-

mogenic βL substrate was synthesized and covalently tethered to polymers. The polymer

conjugates and hydrogels formulated using these conjugates changed color from clear to

yellow specifically in the presence of βLs and βL-producing bacteria. A βL cleavable com-

pound was also synthesized and used to crosslink poly(ethylene glycol) hydrogels encapsu-

lating a model drug carrier (polystyrene nanoparticles). βL-producing bacteria specifically

degraded these hydrogels triggering cargo release. Our studies demonstrated how hydrogel

properties (polymer density) and environmental factors (βL concentration and specificity,

bacterial growth conditions) influence rates of hydrogel degradation and cargo release. The

biomaterials developed here have the potential to prevent, detect, and treat bacterial infec-

tions.

xx



Chapter 1

Introduction
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1.1 Motivation: Bacterial Infections and Antibiotic Resistance

Antibiotic resistance is one of the greatest global health threats. Microbial infections

are becoming more and more difficult to treat due to the rise in multi-drug resistant species,

also known as super bugs.1 The Centers for Disease Control and Prevention (CDC) issued

the first report on antibiotic resistance threats in the United States in 2013 to bring atten-

tion to the severity of this global health challenge.2 Recently, in 2019, another report was

issued,3 indicating that deaths caused by antibiotic resistant microbes decreased by 18%

since the 2013 report, suggesting prevention protocols in hospitals were helping. How-

ever, the burden of antibiotic resistance is still very high. Better data sources available for

the 2019 report indicated that the initial reported number of deaths was underestimated

by almost a half. The CDC now estimates over 2.8 million infections and 35,000 deaths

caused by resistant microbes annually in the US alone. There are also concerns about ris-

ing resistant infections in the community, and the emergence and spread of new forms of

resistance.3

Penicillin was discovered by Alexander Fleming in 1928 in his messy laboratory, and

was later proven to be a miracle in medicine, saving countless of lives.4 However, penicillin

resistant strains were reported soon after the antibiotic was used in the healthcare system

in the 1940s, at the end of World War II. With every new antibiotic introduced, bacteria

eventually caught up. As shown in Figure 1.1b, resistant strains evolve within less than 60

years after initial use of the antibiotic, and have been reported for every class of antibiotics

available.5 Overuse and misuse of antimicrobials, including antibiotics, has been associated

with increased risk of antibacterial resistance development.6
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Figure 1.1: Rise in bacterial antibiotic resistance.(a) An increase in the prevalence of an-
tibiotic resistant strains over the years is accompanied by a decrease in the number of new
antibiotics. (b) Timeline of antibiotic resistance development after the first introduction of
a new antibiotic. Modified from Reference [5] with permission.

The CDC reports propose four core actions to fight antibiotic resistance:

1. Preventing infections from occurring and resistant bacteria from spreading

2. Tracking resistant bacteria

3. Improving the use of antibiotics

4. Promoting the development of new antibiotics and new diagnostic tests for resistant
bacteria

Innovation in tackling this global threat is needed from all fronts, from public health

initiatives and societal changes to developing technologies that can enhance detection and

treatment of infections. However, due to the high cost of drug discovery and the eminent

development of drug resistance, companies are leaving the space of antibiotics develop-

ment, resulting in very few new antibiotics being introduced into the clinic (Figure 1.1a).5

Researches have been investigating different approaches to overcome resistance: develop-

ing alternatives like antimicrobial peptides and polymers7–9 and bacteriophage,10 repurpos-

ing drugs,11,12 enhancing efficacy of current antibiotics through co-delivery with resistance

inhibitors (e.g., anti-quorum sensors,13 β-lactamase inhibitors14), or enhancing antibiotic

uptake by bacteria.15
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Our aim in this thesis was to develop biomaterials that can help tackle bacterial infec-

tions from multiple avenues, which encompass some of the core actions proposed by the

CDC: prevention, detection, and improved use of antibacterial agents. We used natural and

synthetic polymers, and those that we functionalized with small molecules, to formulate

biomaterials of different scales (polymeric conjugates, thin films, hydrogels) that are de-

signed and well characterized for the enhanced management of infections. We investigated

how an antibiotic alternative, a cationic polypeptide, poly-L-lysine (PLL), incorporated in

multilayer films renders these films antibacterial. Used as coatings, the films can aid in

preventing infections via different mechanisms: by inhibiting attachment to surfaces and

by releasing PLL into the surrounding solution to prevent planktonic bacterial growth. For

infection detection and improved use of antibacterial agents, we chemically modified poly-

mers to incorporate biological responsiveness to develop bacteria triggered biomaterials.

We synthesized a bacteria cleavable chromophore that was incorporated into biomaterial

to provide a visual, colorimetric indication of infection by antibiotic resistant bacteria. We

also formulated bacteria degradable hydrogels to be used as a platform for localized, on-

demand antibiotic delivery. The goal is to limit unnecessary exposure to antibiotics, espe-

cially late-stage and broad spectrum drugs, by selectively targeting drug-resistant bacteria

while reducing damage to microbiota.

In search of appropriate bacterial triggers, we looked at common antibiotic resistance

mechanisms. There are multiple resistance mechanisms that bacteria have evolved, in-

cluding alteration of the antibiotic target site, reducing the permeability of antibiotics, or

excreting drugs through efflux pumps.16 However, the most common mechanism is the

production of β-lactamases (βL), which are enzymes that cleave the β-lactam ring present

in antibiotics such as penicillins, cephalosporins, and carpabenems, inactivating these an-

tibiotics.17,18 The enzymes are produced by many gram-positive and gram-negative bacte-

ria, including Staphylococcus aureus,19 Mycobacterium tuberculosis,20 Bacillus cereus,21

Pseudomonas aeruginosa,22,23 and Klebsiella pneumoniae,24 and have been implicated in
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the drug resistance of biofilms.22 Given the prevalence of βLs, their specificity to bacteria

(since they are not produced by mammalian cells), and the selectivity and efficiency of

enzymatic reactions, this thesis focused on βLs as the bacterial trigger for diagnostic and

triggered antibacterial biomaterials.

In this thesis, we also conducted structure-function relationship studies to investigate

material properties that govern their efficacy. For example, we studied how the molecu-

lar weight (MW) of PLL in the antibacterial multilayer coatings affect their antibacterial

mechanism and extended efficacy, or which modifications to a chromogenic βL substrate

allow its conjugation to polymers without losing its responsiveness, or how structural and

environmental properties affect bacteria-responsive hydrogel degradation and cargo release

rates.

1.2 Biomaterials for Prevention, Detection, and Treatment of Bacte-
rial Infections

Biomaterials of different scales have played a large role in management of infec-

tions. Hydrogels,25 nano- and microparticles (liposomes, polymersomes, micelles, metal

nanoparticles (NPs)),26 and coatings,27 have been developed for the prevention, detection,

and treatment of infections. These material have been developed using a range of poly-

mers both natural and synthetic. Natural polymers, such as hyaluronic acid (HA), alginate,

and chitosan, are biocompatible, biodegradable, and can mimic tissues providing biofunc-

tionality. Synthetic polymers, such as poly(ethylene glycol) (PEG), poly(lactic-co-glycolic

acid) (PLGA), poly(caprolactone), and polyurethane, on the other hand, are more easily

and consistently synthesized and readily modified, allowing higher control over their prop-

erties, and in many cases their biocompatibility has been well established. One of the

most commonly used polymers for countless biomedical applications is PEG. PEG’s high

hydrophilicity lends it many favorable characteristics that it can transfer to biomaterials
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of different scale (nano to macroscale), including increased solubility, stealth properties

and enhanced circulation, and reduced protein fouling, and excellent biocompatibility in

vivo.28 Therefore, it has been conjugated to drugs,29 decorated particles,30 coated surfaces,

and used to formulate hydrogels.31 Its facile modification led to the prevalence of PEG

macromers of different shapes and sizes with various functionalities that are commercially

available or can be easily synthesized.28

In this thesis, we conjugated PEG to a hydrophobic chromogenic βL indicator to in-

crease its solubility and to form diagnostic hydrogels (chapter 4). We also used PEG as

the backbone of our engineered βL degradable hydrogels (chapter 5). Additionally, we ex-

ploited the ability of some polymers to self-assembly into well defined structures, such as

polyelectrolytes for creating antibacterial films (chapter 3), and β-lactam-PEG conjugates

that we synthesized to form micelle-like NPs (Appendix chapter A)

1.2.1 Antibacterial Coatings for Infection Prevention

With advancements in surgical procedures and implantable medical devices come the

risks of infections. At least half of nosocomial (hospital acquired) infections, which con-

stitute a large portion of infections, involve medical devices.32,33 To further complicate the

situation, bacteria can form biofilms on surfaces, including medical devices,34,35 which

are very difficult to treat,34,36 and can release planktonic bacteria leading to infection re-

currence.37 This community of cells is enclosed in a polysaccharide matrix, evading the

immune system and retarding the diffusion of antibacterial agents to cells, reducing drug

concentration and increasing risk of their hydrolysis by βLs.24 The first step of biofilm

formation is bacterial adhesion to the surface, therefore, inhibiting bacteria attachment is

critical.36

Antibacterial coatings have been used clinically to coat a range of medical surfaces
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including catheters,38 implant nails,39,40 wound dressings,41 and pacemakers.42 They can

prevent biofilm formation and device-associated infections typically by one of three main

mechanisms: anti-adhesion, contact killing, or release-based killing.43 Polymers with their

versatility and tunability are excellent candidates for forming coatings with these proper-

ties. Some requirements for these coatings include their stability, meaning they remain

intact for an extended amount of time, but also that the antibacterial mechanism remains

effective, whether it is loaded or tethered antibiotics or contact killing polymers. The infec-

tion microenvironment must be considered; the pH could affect the ionization of antibacte-

rial polymers and proteins could adhere to the coating, eliminating its antibacterial effect.

For contact killing surfaces, a self-cleaning mechanism is also important (such as erodible

layers or anti-adhesive properties) to reduce accumulation of dead bacteria on the surface,

which might promote protein and then live bacteria adhesion. Additionally, if the coat-

ing elutes antibiotics, careful consideration of the concentration accumulating at the site is

critical as to not promote resistance development due to prolonged release of low concen-

tration of antibiotics.5,44 For many implantable devices, tissue integration is also important,

therefore, in addition to biocompatibility, an ideal coating would help tissue cells win the

“race to the surface” against bacteria by promoting their selective adhesion.45 These con-

siderations emphasize the importance of characterizing antibacterial coatings from multiple

perspectives, including polymer structure-function studies and drug release profiles.

Layer-by-layer self-assembly is a facile, aqueous technique that has been used to form

various types of thin films for biomedical applications.46 The versatile nature of LbL allows

combining different types of building blocks into one film, which could provide the film

multiple advantageous properties, such as combining polycationic polymers that are inher-

ently antibacterial,47 antifouling polymers,27,46 in addition to antibiotics either as a building

block,48 encapsulated within the films,49 or tethered to the polymers.50 Examples of such

systems, and how they address the considerations mentioned above are reviewed in chap-

ter 2. In chapter 3, we demonstrate how the physicochemical proprieties of LbL multilayer
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coatings assembled using the cationic polypeptide, PLL, and a polyanion, HA, affect the

antibacterial mechanisms and efficacy of the coatings. PLL was used as a structural ele-

ment, but also as an antibacterial agent alternative to antibiotics. Antibacterial polymers

and polypeptides have demonstrated efficacy against gram-positive and gram-negative bac-

teria, as well as resistant strains, through bacterial cell wall disruption.7,47,51 Due to their

mechanism of action, they are also hypothesized to be less susceptible to resistance devel-

opment in bacteria.52 Our studies suggest the coatings are antibacterial via the anti-adhesive

properties of hydrophilic HA, contact-killing by PLL, and release killing by PLL, which

is able to diffuse within and out of the multilayer films, providing the films with extended

antibacterial efficacy.

1.2.2 Bacterial Infection Diagnostics

Bacterial infections are conventionally diagnosed after culturing the bacteria, which is

time consuming. Enzyme-linked immunosorbent assay (ELISA) and polymerase chain re-

action (PCR) have been used to detect bacteria; they are faster than conventional culturing,

sensitive, reproducible, and can detect low concentrations of bacteria, allowing early de-

tection of infection, even in sepsis.53 Although these characterization techniques, including

next generation sequencing and whole genome sequencing, will be important for monitor-

ing the spread and development of antibiotic resistant bacteria,54 they still require labor-

intensive sample preparation, expensive equipment, and specialized knowledge, which is

not ideal for an initial quick indication of an infection. Additionally, these issues limit the

accessibility of these assays, especially in developing countries and poorer communities,

which is why there has been efforts in developing point of care diagnostics.55 Examples

of such technologies include paper diagnostics56 and microfluidic devices57 with colori-

metric or electrochemical readouts. These systems are rapid and can selectively detect

pathogens in different clinical samples, but many of them cannot yet distinguish antibiotic
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resistant bacterial strains. Detecting antibiotic resistant bacteria is critical for informing the

appropriate treatment and for aiding in monitoring hospital and community outbreaks and

preventing spread of resistant bacteria.

There have been increasing reports in the literature on systems developed to detect βLs

as an indicator of resistant bacterial infections. Many of the approaches are based on the

selective cleavage of a probe by βLs that produces a fluorescent signal.58–61 Other sys-

tems are based on luminescent62 or fluorescence resonance energy transfer (FRET)-based

probes.63 However, many of these systems do not provide a visual readout to enable easily

interpreted diagnosis without specialized equipment. Additionally, one of the goals of this

thesis is to develop solutions which can be engineered into various types of biomaterials or

integrated into multifunctional biomaterial, such as wound dressings, for example, that are

applied to protect a wound but can also present an indication of antibiotic resistant infec-

tions if they arise, even before a test is prescribed by a doctor. Therefore, we synthesized

a βL chromogenic substrate that can be conjugated to polymers to formulate biomaterials

that change color in the presence of βL producing bacteria (chapter 4).

1.2.3 Antibiotic Delivery for the Treatment of Infection

In most scenarios antibiotics are administered systemically, which raises multiple is-

sues that can exacerbate antibiotic resistance. These challenges include low concentrations

of the antibiotic reaching the infected tissue, which could exert pressure on the bacteria

to develop resistance. Another issue is off-target toxicity, which could harm the host mi-

crobiome, allowing opportunistic resistant bacteria to flourish.64 Localized delivery could

address some of these issues, and has been utilized in the delivery of antibiotics, especially

in dentistry and orthopedics.65 Yet, controlled delivery of effective concentrations even

from localized systems is critical. For many applications, a high initial concentration of an-

tibiotic followed by a sustained release to inhibit any resurgent infection is ideal,44,66 but in
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all cases, concentrations above the minimum inhibitory concentration (MIC) are required,

as to not promote development of resistance. Enhanced formulations with controlled de-

livery have revolutionized treatments in multiple diseases. These approaches rely heavily

on the physicochemical properties of polymers and their modifications. The next sections

describe some of the approaches utilized to control drug delivery focusing on hydrogels,

but many of these concepts have been used to design other biomaterials such as particles

and coatings.

Stimuli Responsive Biomaterials

“Smart” biomaterials that can respond to exogenous or endogenous stimuli have gained

considerable attention for different applications such as diagnostics, drug delivery, and

regenerative medicine.67 Responsiveness can be acquired through the use of compounds or

polymers that undergo a physical and/or chemical change upon change in pH, temperature,

ionic strength, or under the influence of light, magnetic field, electric field, enzymes, or in

response to a combination of inputs.68

For infection detection and treatment, there has been an explosion in the literature on

stimuli responsive biomaterials for both exogenous and endogenous stimuli.69 The poten-

tial advantages of such systems is the spatiotemporal control over release, which can help

limit unnecessary exposure to antibiotics, increasing concentration at the site of infection,

while reducing off-target toxicity. All of the above have the potential to decrease suscepti-

bility to resistance. Most interesting are biomaterials that respond to the bacterial infection

environment with the aim of forming self-defensive systems. Common examples include

antibiotic-loaded, polymeric nanoparticles activated by low pH,70–72 which is characteris-

tic of some bacterial infections.73 Other triggers include bacterial toxins,74 lipases,75 phos-

phatases and phospholipases.76 In this thesis work, we focus on enzymatic triggers, namely,

βLs (chapter 4 and chapter 5) and hyaluronidases (HAse) (chapter 3), since enzyme reac-
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Figure 1.2: βL triggered activation of an antibiotic prodrug. (a) Scheme of ciprofloxacin
prodrug and its activation by βL producing bacteria. (b) Percent survival of the βL-
producing E. coli (filled circle) and non-βL-producing E. coli (empty circle) with no treat-
ment (green), free ciprofloxacin (red), or prodrug (blue). Modified from Reference [79]
under the Creative Commons Attribution 4.0 International license.

tions are highly selective and efficient and can regulate biomaterial responses (e.g., enzyme

concentration dependent surface erosion) for superior control over antibiotic release rates.

As mentioned earlier, due to the specificity of βLs to bacteria, they were specifically chosen

as a trigger for diagnostic biomaterials (chapter 4) and degradable biomaterials as platforms

for bacteria-activated release of antibiotics (chapter 5). Examples of βL triggered antibac-

terial therapeutics in literature are mostly of pro-drugs, such as those triggered to activate

nitric acid,77 a prochelator,78 antibiotics,15,79 or photosensitizers for targeted photodynamic

therapy.80 Figure 1.2a presents a schematic of a cephalosporin-based ciprofloxacin prodrug

and its activation by βL-producing bacteria. As show in Figure 1.2b, the prodrug exhibits

selective bactericidal activity against βL-producing E. coli (blue, filled circle) compared to

non-βL-producing E. coli (blue, empty circle), and in comparison to treatment with free

ciprofloxacin which killed both types of bacteria (red). Another example is of βL degrad-

able polymeric vesicles that disassemble in the presence of the enzymes and deliver the

loaded antibiotics.81 Our aim was to develop hydrogels that can be gelled in situ in wounds

or at other sites, and can be degraded by βL-producing bacteria to develop a platform for

localized, bacteria triggered antibiotic delivery.

11



Hydrogels for Drug Delivery

Hydrogels are highly water-swollen, three-dimensional, polymeric networks. The

physicochemical properties of hydrogels are highly tunable; by changing the polymers

molecular weight, concentration, crosslinking mechanism or density, the pore size, equi-

librium swelling, mechanical properties, and consequently, the functionality of the hydro-

gels can be tailored.82 For these reasons, hydrogels have been designed for many biomed-

ical applications, including drug delivery. Drugs can be encapsulated or loaded into these

hydrogels, forming a drug depot where matrix properties contribute to the release mecha-

nisms.82,83

A range of antibacterial hydrogels have been developed,84 and some are used clini-

cally in management of infections, especially in treatment of wounds, which are prone to

infections.25,85 Hydrogels’ high water content make them an excellent candidate for hy-

drating the wound, taking up some exudate, filling deep and irregular wounds, and allow-

ing gaseous exchange; all important factors for wound healing.85 Other desirable functions

of a wound dressing include preventing bacterial infections, which can be complicated

by biofilm formation and polymicrobial infections, and delivery of growth factors to pro-

mote healing.25 Examples of antibiotic containing hydrogels include muporocin loaded

ointments86 and silver impregnated modern wound dressings.25,87

However, prophylactic treatments and release of “sub-inhibitory” concentrations of an-

tibiotics have been linked to increased risk in antibiotic resistance development.5,44 There-

fore applying hydrogels that can provide most of the benefits mentioned above, and are

loaded with antibiotics but restrict their delivery to cases when an infection arises, has the

potential to improve management of infections and reduce susceptibility to antibiotic re-

sistance. Additionally, a facile colorimetric indication of the presence of resistant bacteria

by such hydrogels would promote better wound care and potentially restrict the spread of

12



resistant bacteria.

There are many different gelation mechanisms utilized to form hydrogels with various

properties and functionalities. The crosslinks could be covalent, ionic, or supramolecular,

where noncovalent interactions such as hydrogen bonding, electrostatic interaction, host-

guest interactions, etc., come together to form hydrogels with potentially reversible prop-

erties. In this thesis, we have formulated covalently crosslinked PEG hydrogels (chapter 4,

chapter 5) since they can withstand changes in pH, ionic strength or temperature (unless

engineered otherwise), and therefore, can be designed to degrade under very specific con-

ditions, such as the presence of certain enzymes. Many different types of chemistries have

been utilized to crosslink hydrogels; the most commonly used include light initiated free-

radical polymerization,88 and click chemistry like azide-alkyne or Michael-type addition.89

We used maleimide-thiol Michael-type addition to form end-linked matrices, which has

been shown to produce more unifrom matrices, and can be used for in situ gelation.31 The

reaction also proceeds at near-physiological pH and temperatures, with selective reactivity

of maleimide towards thiols on PEG, preserving cargo activity.90

Gelation conditions were optimized to achieve efficient crosslinking and reduce matrix

defects, which is important to formulate hydrogels with a predictable average mesh size,

mechanical properties, and degradation and drug release profiles. The polymerization reac-

tion is carried until the material transitions from liquid to gel phase, which is reached when

a critical number of linkages have reacted (the gelation point can be predicted via Flory-

Stockmayer theories).91 The latter is governed by the probability of finding crosslinking

points during gelation, which is influenced by stoichiometric ratio, polymer density, but

also in our reaction, the ratio of thiolates (reactive species) to thiols, which is dictated by

their pKa and solution pH.92–94 Therefore, the reaction rate needs to be optimized so that

there is sufficient time to allow adequate mixing of the building blocks, yet the reaction

still proceeds efficiently to achieve a high yield of crosslinks by the time the gelation point
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is reached.

Drug Delivery Mechanisms

There are different drug loading methods which depend on the drug and polymer prop-

erties, gelation technique, and desired release profile. Generally, drugs can be loaded either

by entrapment during gelation, loading post-gelation via swelling and/or diffusion, encap-

sulation into a secondary carrier, or even chemical tethering to the hydrogel backbone.

Release of cargo is typically controlled by diffusion, swelling, or a chemical stimulus; in a

lot of cases, more than one mechanism is at play.

Many factors need to considered when choosing the material and gelation conditions to

achieve desired cargo release profiles. Matrix mesh size plays a large role in dictating drug

release and can be estimated for chemically crosslinked swollen gels using the Peppas-

Miller expression based on the Flory–Rehner theory.67,95 Other factors that will influence

the diffusivity of the drug include its size, hydrophilicity, solubility, any polymer-drug

interactions, and potential swelling of the hydrogel.

One of the main concerns of drug release systems is a burst release, which could lead

to cytotoxicity and prematurely deplete the drug reservoir. Furthermore, extended drug

release is usually necessary for effective treatment. Repeated dosing could lead to oscil-

lating drug concentration which might fall outside the therapeutic range, meaning below

the minimum effective concentration (MEC) or above the maximum toxic concentration

(MTC) as shown in Figure 1.3a. Patient compliance is also another issue with repeated and

extended drug administration. Therefore, in many scenarios zero-order release is the most

desirable, where a burst release is avoided and the drug is released at a constant rate (Figure

1.3b), which could help achieve a constant concentration at the tissue that is designed to fall

within the therapeutic range (which is also dependent on the drug elimination rate) (Figure

1.3a).

14



Figure 1.3: Drug concentrations resulting from burst release or zero-order controlled re-
lease profiles. (a) In systems with rapid clearance of drug from plasma or the tissue, multi-
ple dosing (black lines) could lead to concentrations outside of the therapeutic range which
lies between the minimum effective concentration (MEC) and above the maximum toxic
concentration (MTC). Zero-order release (orange line) can lead to a constant concentration
of drug designed to lie in the therapeutic range. (b) Example drug release profiles caused by
burst release and zero-order controlled release. Reprinted with permission from Reference
[96], Copyright 2001 Elsevier B.V. (a) and from Reference [97], Copyright 2016 American
Chemical Society (b).

Consequently, many approaches have been investigated and used in the clinic to control

drug release (over hours, days, or weeks).98 One approach is tuning the matrix mesh size to

decrease or prevent the diffusion of cargo from the hydrogels. This can be achieved in mul-

tiple ways such as optimizing polymer MW, polymer density, and crosslinking density.99

Another approach to delay drug release is the incorporation of polymers or compounds that

can interact with the drug through electrostatic, hydrophobic, or host-guest interactions, for

example.98 We have demonstrated an example of the latter approach for loading and release

of a chemotherapeutic in LbL films assembled with polymeric β-cyclodextrins as the host

in Appendix chapter B.

An alternative approach is to prevent diffusion and engineer systems where release is

only degradation based, which could be achieved by tethering the drug via a cleavable

linker or encapsulating the drug in a degradable hydrogel. Figure 1.4 demonstrates exam-

ples from literature of drug delivery systems and how their release mechanisms affect drug

burst release and half-life (t1/2), where it is apparent that degradable systems can provide
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Figure 1.4: Effect of release mechanism on drug burst release and half-life. Each dot
represents the drug burst release and half-life from release systems reported in the literature.
Colored circles indicate different drug release mechanisms. The half-life (t1/2, in days)
is determined by the time when the fraction of released drug reaches 50% and the burst
release parameter (k, %) is determined by the drug release fraction at 24 hours as shown in
a representative release profile in the inset. Reprinted from Reference [98] with permission.

enhanced controlled release of drugs with lower burst release and longer half-lives.

In degradable hydrogels, release is controlled via degradation kinetics, and the erosion

process is the rate-limiting step. Most chemically degradable hydrogels contain labile moi-

eties in the matrix’s backbone or crosslinkers that are either hydrolytically (e.g. esters) or

enzymatically (e.g. peptide) cleaved. Degradation could be via surface or bulk erosion,

depending on the hydrophilicity of the polymer and the rate of water or enzyme diffusion

into the hydrogel matrix compared to the degradation at the surface. Bulk erosion is usually

accompanied with an increase in hydrogel swelling over time as the matrix in the center

of the hydrogel is cleaved, increasing hydrogel porosity, potentially affecting drug release

rate and causing a delayed burst release due to hydrogel late-stage sudden dissolution.100

Surface erosion can potentially provide more controlled and predictable drug delivery.

For enzyme degradable hydrogels, erosion rate is governed by enzyme concentration, ac-

cess to the cleavage site, and kinetics of cleavage of the labile moiety. This can be further
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modulated by changing hydrogel properties, such as crosslinking density, concentration of

cleavable sites or in other words ratio of degradable to non-degradable polymer.101–103 In

addition to erosion rate, drug release is also dependent on concentration of loaded drug and

the geometry and size of the biomaterial. Zero-order drug release can be achieved with

surface erosion with certain hydrogel geometries such as thin disks where degradation is

approximately from one plane and surface area is constant over time. Enzyme degradable

hydrogels thus have the potential to provide selective degradation and controlled cargo re-

lease, and therefore have been engineered to release drugs in response to specific cues to

achieve on-demand delivery.

One example of a treatment that showed extremely positive results in vivo, outcompet-

ing prophylactic antibiotic therapy in terms of infection clearance and bone repair in in-

fected, implant fixed, mouse femoral fractures, is an injectable PEG hydrogel that adheres

to tissue and fractures and degrades in the presence of proteases, releasing lysostaphin, an

antibacterial enzyme.104 Figure 1.5 illustrates the hydrogel components and treatment of fe-

mur fractures (Figure 1.5b), and demonstrates the dramatic reduction in bacterial infection

treated with lysostaphin loaded hydrogels compared to soluble lysostaphin (no hydrogel)

or systemically administered oxacillin (Figure 1.5b).

1.3 Summary and Research Overview

With the increasing risk of infections by antibiotic resistant bacteria, there is a criti-

cal need to develop innovative solutions that can both improve antibacterial treatment and

reduce susceptibility to the spreading or development of antibiotic resistance. This thesis

focuses on developing biomaterials with translatable potential to aid in enhancing man-

agement of bacterial infections through prevention, detection, and treatment. Our studies

also include characterization of the physicochemical properties of the biomaterials because
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Figure 1.5: Healing of infected mouse femur fractures by injectable, protease cleavable,
lysostaphin (Lst) releasing PEG hydrogels. (a) Scheme of hydrogel components and treat-
ment of femur fractures. Quantification of S. aureus UAMS-1 recovered from the (b) tis-
sue surrounding the femur, (c) femur bone, and (d) stabilization needle 7 days postfrac-
ture under the conditions of: no treatment, treatment with Lst loaded hydrogels, soluble
Lst, prophylactic systemically administered antibiotic (oxacillin), or no infection. Dashed
line indicates detection limit. *P < 0.05, **P < 0.01. Kruskal–Wallis test with Dunn’s
multiple comparisons test. Modified from Reference [104] under the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CC BY-NC-ND).

fundamentally understanding the structure-function relationships is crucial to better design

“smart” biomaterials for any application.

Chapter 2 briefly discusses the fundamentals driving layer-by-layer self-assembly, then

reviews recent publications (in the last 6 years) that exemplify the use of LbL in biomedical

engineering, specifically in the areas of cancer treatment, bacteria infection prevention and

treatment, and mediating cellular responses. The emphasis of the review is demonstrating

how the versatility and modularity of LbL self-assembly allows high levels of control over

the biomaterials’ physicochemical properties and in turn functionality to achieve enhanced

therapeutic potential (such as targeting, triggered responses, and cargo protection). Ap-

pendix chapter B presents an example of LbL multilayered coatings developed for loading

and local delivery of a cancer therapeutic.

Chapter 3 presents the first characterization of the inherent antibacterial properties of

(PLL/HA) multilayer films and their potential use as antibacterial coatings. This work also

investigated the effect of PLL molecular weight (MW) on the antibacterial efficacy of the
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coatings, revealing that the diffusion of PLL within the films, which is governed by its

MW, affected film stability and the number of possible repeated uses of the antibacterial

coatings. The findings also demonstrated that the films’ antibacterial activity stems from

three different mechanisms: release of PLL, contact killing, and anti-adhesion. This com-

bination led to both complete inhibition of planktonic bacteria growth and a reduction in

the attachment or growth of bacteria on the coated surfaces, which is critical for preventing

biofilm formation.

In chapter 4, we describe the synthesis of a chromogenic βL substrates which was suc-

cessfully conjugated to polymers and incorporated into biomaterials without compromising

its responsiveness to βLs to provide a visual colorimetric indication of infection by antibi-

otic resistant bacteria. The compound contained a chromogenic leaving group on one end

which was cleaved off in the presence of βL, causing a color change from clear to bright

yellow. On the other end, the substrate was functionalized with a reactive group that can

be used for facile conjugation to polymers, without chemically modifying the carboxylate

enzyme recognition site or the chromophore. Tethering of the substrate to a linear PEG

chain increased its solubility, and the conjugate demonstrated the color change when incu-

bated with βL-producing bacteria. The substrate was also attached to multi-arm PEG to

then be covalently tethered in hydrogels, which also changed color in the presence of βLs.

This color change provides a facile visual detection of resistant bacteria without the need

for specialized instrumentation or knowledge, extending its utility to homes, low-income

communities, and military fields.

Chapter 5 presents βL responsive hydrogels that we developed as a platform for trig-

gered antibiotic delivery. By incorporating a cephalosporin that is cleaved by βLs into PEG

matrices as the crosslinker, we formed hydrogels that degrade specifically by βLs and βL-

producing bacteria. Fluorescent NPs encapsulated into the hydrogels as model cargo were

only released from responsive hydrogels in the presence of βLs, tracking hydrogel degra-
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dation rates, indicating the potential of utilizing these hydrogels for on-demand antibiotic

delivery. This triggered release provides spatiotemporal control over antibiotic delivery,

limiting antibiotic exposure to pathogenic bacteria without causing collateral damage to

the microbiome. Our studies also demonstrated the effect of hydrogel properties, such

as polymer density, and environmental conditions including type and concentration of βL

and bacterial growth conditions on hydrogel degradation rates. Additionally, Appendix

chapter A introduces a similar conjugate, β-lactam-PEG, that was synthesized and utilized

to form micelle-like NPs to be loaded with antibiotics in the NPs’ hydrophobic core and

potentially be released in the presence of βLs.

Lastly, chapter 6 concludes the thesis and provides a summary and future perspectives

for each of the main areas discussed here, focusing on considerations and tests needed to

bring these technologies closer to the clinic.
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Chapter 2

Layer-by-Layer Biomaterials for Drug
Delivery: A Review

Chapter 2 has been previously published as an original review article:

Alkekhia, D., Hammond P., and Shukla, A., “Layer-by-Layer Biomaterials for Drug De-
livery”, Annual Review of Biomedical Engineering, 22, 2020.
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2.1 Abstract

Controlled drug delivery formulations have revolutionized treatments for a range of

health conditions. Over decades of innovation, layer-by-layer (LbL) self-assembly has

emerged as one of most versatile fabrication methods used to develop multifunctional con-

trolled drug release coatings. The numerous advantages of LbL include its ability to in-

corporate and preserve biological activity of therapeutics, coat multiple substrates of all

scales (e.g., nanoparticles to implants), and exhibit tuned, targeted, and/or responsive drug

release behavior. The functional behavior of LbL films can be related to their physico-

chemical properties. In this review, we highlight recent advances in the development of

LbL engineered biomaterials for drug delivery, demonstrating their potential in the fields

of cancer therapy, microbial infection prevention and treatment, and directing cellular re-

sponses. We focus on discussing the various advantages of the LbL biomaterial design for

a given application as demonstrated through in vitro and in vivo studies.

2.2 Introduction: Layer-by-layer Self-assembly

Layer-by-layer (LbL) self-assembly is a versatile technique used to fabricate functional

surface coatings typically utilizing aqueous assembly conditions. LbL assembly involves

alternating deposition of multivalent compounds with complementary interactions (Figure

2.1), leading to the assembly of a multilayered structure. First demonstrated with charged

colloids105, the use of LbL for different applications gained traction dramatically once

Decher and Hong introduced the method for polyelectrolytes in 1991106. Among the many

advantages of LbL assembly, particularly for biomedical applications, is the ability to read-

ily and conformally coat substrates with a range of physicochemical properties and geome-

tries without damaging the substrate107,108. LbL assembly can be used to coat large surface

areas efficiently109, while still allowing for nanoscale resolution, which is critical for pre-
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cise control over biological surface interactions. Furthermore, the mild, aqueous assembly

conditions make it possible to incorporate small molecules and biologics while avoiding

solvents, temperatures, pH and ionic strengths that can destabilize these compounds. The

conceivable applications of LbL in the field of biomaterials are limitless. Researchers have

already explored the use of LbL biomaterials for cellular engineering110,111, tissue engineer-

ing and regenerative medicine112, biosensors (e.g., detecting cholesterol113 or glucose114),

antifouling and antimicrobial materials46, vaccines115, and drug delivery systems116 among

other applications.

This review highlights recent advances (particularly in the last 6 years) in the area of

LbL self-assembled biomaterials for applications in drug delivery. First, we introduce fac-

tors that influence LbL film physicochemical properties and thus their functional behavior.

This brief discussion will be followed by a review of LbL drug delivery systems that fall

under three application areas where LbL has proven especially promising: cancer therapy,

bacterial infection prevention and treatment, and directing cellular responses. We aim to

demonstrate how the modularity of LbL assembly has been exploited to develop multifunc-

tional delivery systems that enhance treatment efficacy.

2.3 LbL Fundamentals: Factors that Influence LbL Assembly

LbL assembly is most commonly driven by electrostatic interactions between oppo-

sitely charged compounds. Hydrophobic, van der Waals, hydrogen bonding, covalent

bonding, host-guest and bio-specific interactions, can all contribute to film growth and

may even serve as the primary driver for film assembly122. Multilayers are commonly

assembled via dipping123, spraying109, and spin-coating124; other LbL fabrication meth-

ods such as electromagnetic125 and fluidic assembly126–128, 3D printing129, and micropat-

terning130,131 have also been explored. A multitude of components have been assembled
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Figure 2.1: Schematic of common LbL approaches, common interactions exploited in
LbL self-assembly, and examples of substrates coated for biomedical applications. Exam-
ples of biomaterials functionalized via LbL self-assembly: (a, a’) gelatin sponge117, (b)
TiO2

118, (c) microneedle119, (d) monocyte (red) wrapped with LbL backpack (green)120, (e)
microcapsules with payloads in wall and core121, (f, f ’) MSNs49. Images modified with
permissions from corresponding references. Copyright (2012, 2015) American Chemical
Society.

in LbL architectures. Polyelectrolytes are most commonly utilized including synthetic

polymers (e.g., polyethylenimine (PEI), poly(diallyldimethylammonium chloride) (PDAD-

MAC), poly-L-lysine (PLL), poly(sodium 4-styrenesulfonate) (PSS), and poly(acrylic acid)

(PAA)) and naturally derived polymers (e.g., chitosan (CHI), hyaluronic acid (HA), and al-

ginate (ALG)). Other macromolecules such as proteins, micro- and nanoparticles (NPs),

and inorganic materials like clay and graphene, have also been incorporated into multilayer

films. Richardson et al. recently reviewed the range of LbL assembly methods and inno-

vations in materials incorporated and characterization techniques that have been developed

over the years132,133.

Multiple studies in the 1990s and early 2000s investigated the effects of assembly

parameters on growth and stability of LbL films. Assembly conditions including tem-

perature134, ionic strength135,136, and pH137 influence the physicochemical properties of
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macromolecules and in turn their interactions, which govern film assembly and ultimately

functional behavior. Other factors that influence film properties include molecular weight

(MW)138,139, species concentration135, incubation time140, and assembly method124. Stud-

ies over the last few years have delved deeper into quantitatively explaining and in some

cases revising some previously well-accepted theories of polyelectrolyte complexes and

coacervates and LbL self-assembly using more sensitive characterization techniques and

molecular dynamics simulations141–143.

The self-assembly of polyelectrolytes is an ion-exchange phenomena where charged

polymer segments replace associated counterions. The main driving force for assembly

is the entropic release of counterions and water molecules144; there is a small enthalpic

contribution due to rearrangement of water141. Counterions have been observed through-

out the bulk LbL film and not only the film surface during assembly141. Increasing salt

concentrations can lead to ionic shielding and formation of denser films145,146; however,

above a certain threshold, too high a salt concentration can prevent interactions between

film components and disable film growth136,146.

Ionization of polyelectrolytes, dictated by their pKa and solution pH, plays a critical role

in film assembly. The amount of polymer adsorbed is self-regulated due to electrostatic re-

pulsion, while surface charge reversal upon each complementary deposition enables film

growth. It has been widely accepted that overcompensation or overcharging is necessary

at each adsorption step; however, a more recent study using accurate measurement of ra-

diolabeled counterions showed that charge overcompensation does not necessarily occur

for each adsorbed component. In a study of PDADMAC and PSS multilayers, overcom-

pensation only occurred when the PDADMAC polycation was adsorbed, while the PSS

polyanion simply compensated the positive surface charge of the previous layer142. Recent

studies monitoring the diffusion of ions, PDADMAC, and PSS in (PDADMAC/PSS) mul-

tilayers using isotopic labeling showed that the apparent diffusion coefficients of extrinsic
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sites (i.e., charged polyelectrolyte repeat units and their associated counterions), are at least

two orders of magnitude greater than the diffusivity of PDADMAC and PSS143. Diffusion

of PDADMAC extrinsic sites is faster than PSS sites143, which explains the difference in

charge overcompensation observed between PDADMAC and PSS layers142. It was pre-

viously thought that in the exponential multilayer film growth regime, “loosely bound”

polymer diffuses “in and out” of the film during assembly resulting in exponential growth

in comparison to linear growth where there is a constant thickness increment per bilayer139.

Under the new perspective, if extrinsic sites (which diffuse much faster than polymers)

are able to diffuse throughout the multilayers during adsorption, the films will grow expo-

nentially143. By improving our understanding of film growth mechanisms and component

interactions, LbL films with optimal properties for specific biological applications can be

designed.

2.4 The Potential of LbL Self-assembly in Drug Delivery

The versatility of the LbL technique, with its plethora of advantages for biological ap-

plications, has led to its use in drug delivery. In addition to cytocompatibility, engineering

the drug loading capacity, stability of films, and protection of the therapeutic payload and

its controlled release are of paramount importance to the successful translation of LbL drug

delivery systems.

2.4.1 Loading Therapeutic Agents

LbL assembly has been used in drug delivery applications to form conformal coatings

on substrates including macroscopic materials such as bandages147, textiles148, and im-

plants149, as well as micro- and nanomaterials including micro- and nanoparticles (NPs)150

and cells111. Particles including mesoporous silica NPs (MSNs), liposomes, polymersomes,
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gold NPs, etc., have been coated using LbL, while hollow capsules have been developed

by selectively removing a sacrificial core upon LbL coating150–152.

Therapeutic cargo incorporated into LbL films vary from small molecules, to nucleic

acids, to large macromolecules like proteins and enzymes, to cells. Depending on the

molecule’s physical and chemical characteristics (e.g., charge, hydrophobicity) and the

desired release profile (e.g., rapid, sustained, triggered), the cargo can be encapsulated

during or post-assembly. Cargo loading methods include noncovalent binding to the film

components153, encapsulation within a secondary carrier that is incorporated in the film49,

and covalent attachment to the polymer backbone which is then incorporated into the film50.

Multilayer films are capable of high drug loadings due to the multivalent interactions

with film components. Charged drugs may interact with ionized groups on film building

blocks through ionic and hydrogen bonding. For example, gentamicin (Gen) has been

layered with PAA153 or with tannic acid48, leading to an impressive ∼45 and ∼30 weight

(wt) % drug loading. Drug loading can also be readily tuned by changing the number of

layers154. For some therapeutics, functional groups with specific affinity to the drug can

be incorporated into the films. One example are cyclodextrins (CDs), which are cyclic

oligosaccharides with a hydrophobic core and hydrophilic exterior that have been used to

encapsulate, solubilize, protect, and deliver small hydrophobic or neutral drugs via host-

guest complexation155. Polymeric CDs consisting of ionic CD repeat units118,156 or CDs

conjugated to common LbL polyelectrolytes (e.g., HA49,157 or PAA158) have been recently

used to form LbL coatings on 2D substrates158, hollow shell capsules157, and core-shell

particles49. Furthermore, cargo can be encapsulated in the core of micro- and NPs, which

are then incorporated as film components by alternating adsorption with a complementary

polyion159–161. Interesting functional behavior has also been realized with the incorporation

of multiple therapeutics within different layers of the LbL film architecture66,162.
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2.4.2 Increasing Stability and Biocompatibility of the Therapeutic

Payload

Polyelectrolyte multilayer films have the ability to protect cargo from different envi-

ronmental factors that can lead to therapeutic degradation. For example, multiple studies

of have shown that small interfering RNA (siRNA) protected in LbL film NP coatings can

resist nuclease degradation in vitro163. Pharmacokinetic studies in animals have also shown

that LbL coated NPs prolong the half-life of their cargo and reduce clearance rates164,165,

which may be attributed partially to the anionic and antifouling capabilities of certain poly-

mers (e.g., HA), which reduces protein adsorption and opsonization164,166. Beyond pro-

tecting cargo in circulation, LbL coated NPs have also protected cargo from enzymatic

degradation during intracellular trafficking and aided in endosomal escape and delivery to

the nucleus or cytosol165,167,168. Even during storage, LbL films have been shown to sta-

bilize drugs, such as vancomycin169 or vaccines170, enhancing therapeutic shelf-life and

reducing dependence on the “cold chain”.

LbL coated surfaces and NPs have generally shown minimal toxicity in vitro171,172 and

in vivo49,173. Furthermore, use of natural polyelectrolytes in LbL coatings can enhance

biocompatibility. For example, (ALG/CHI) coatings drastically reduced the hemolytic tox-

icity of bare MSNs towards human red blood cells in vitro (<1% hemolysis vs. 67% for

bare MSNs) and coated Dox-loaded MSNs eliminated cardiotoxicity associated with free

Dox165. The LbL approach has also alleviated toxicity associated with polycations used in

DNA delivery174,175.
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2.4.3 Therapeutic Payload Delivery

Drug release rate from LbL films can be limited by the rate of diffusion of the drug

through the film or the rate of film dissolution or degradation. LbL films can potentially

deconstruct over time due to ion exchange with surrounding counter ions, film swelling,

and mobility of film components136,176. Controlled delivery enables improved efficacy at

lower drug concentrations, reduces off-site toxicity, and can improve overall therapeutic

index of the drug. Many advancements have been made that increase sophistication of drug

release mechanisms. Figure 2.2 presents some of the strategies employed for controlled

drug delivery in LbL films.

Often a sustained release of the therapeutic is desirable; this can be achieved by in-

creasing film thickness118, controlling film dissolution or degradation rate177, or covalently

tethering therapeutic cargo to polymers50. Researchers have stabilized multilayers by co-

valently crosslinking the film during or post-assembly157. Various strategies have been

employed to obtain staged release of multiple therapeutic agents at different rates, taking

advantage of the stratified LbL film architecture66,178,179. In other scenarios, triggered re-

lease of therapeutics is needed. By incorporating responsive film components that cause

conformational changes to the film in response to specific stimuli, on demand drug delivery

can be achieved180. Both physical (e.g., light, temperature, magnetic fields) and chemical

(e.g., pH, ionic strength, enzymes) stimuli have been explored. The responsive functional-

ity could be an inherent quality of the polymers used in the LbL film (e.g., weak polyelec-

trolytes exhibit change in ionization in response to pH changes153,159), responsive elements

could be incorporated into the polymer backbone177, or drugs could be attached to the poly-

mers via responsive linkers172. Drug delivery can also be targeted by enhancing selective

uptake by certain cells through incorporation of polymers that naturally target receptors of

interest (e.g., HA which targets CD44 receptors upregulated in cancer cells181) or polymers

that are functionalized with targeting moieties (e.g., antibodies173, ligands182) into the LbL
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film. Intracellular targeting can be achieved using polymers that mediate endosomal es-

cape, cargo release, and delivery to the sub-cellular target (e.g., poly-L-arginine (PAR)168,

polyamidoamines183) or pH responsive particles that disassemble in acidic endo/lysosomal

environments, releasing cargo167. With LbL assembly, it is entirely possible to combine

multiples of these approaches to develop advanced biomaterials, with targeted, responsive

delivery of one or more therapeutics while also incorporating other capabilities, such as

disease detection. The remainder of this review will describe examples of recent advances

(limited to the last 6 years) in LbL controlled delivery for applications in cancer therapy,

treatment of infectious diseases, and cellular engineering. Table 1 summarizes a selection

of examples discussed here.
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Figure 2.2: An overview of payload delivery mechanisms in non-responsive and stimuli-
responsive LbL films and approaches utilized for active targeting.

2.5 LbL Biomaterials for Cancer Therapy

Cancer is the second leading cause of death in the United States184. There are over

1.7 million new cancer cases and over 600,000 cancer deaths projected for 2019 in the US

alone184, with an estimated cost of $173 billion in 2020185. Despite advances in chemother-

apeutic formulations, these drugs still suffer from significant toxicity to non-cancerous

30



cells186. With most chemotherapeutics being administered systemically, drug delivery can

be enhanced and toxicity reduced by actively targeting the therapeutic173, triggering drug

release specifically at the target site49, enhancing uptake by cancer cells166, promoting in-

tracellular trafficking to the site of action165, and co-delivery of multiple therapeutics168,187.

LbL films have been widely explored in this context with extremely promising in vitro and

in vivo results188.

2.5.1 Targeted Delivery

NP accumulation at tumor sites is often aided by the enhanced permeation and retention

effect, which causes passive targeting of nanomaterials through leaky tumor vasculature.

However, it is noted that many studies have questioned the relevance of this kind of passive

targeting mechanism in human tumors, while others have validated it in clinical studies.

Although passive targeting may assist in some cases, the use of specific interactions such

as high affinity ligand-receptor interactions, which can be incorporated by LbL coatings,

can provide increased uptake of NPs by tumor cells. Furthermore, the hydrated nature of

LbL coatings can be used to extend blood plasma half-life, which further increases the

opportunity for tumor accumulation, and may also be used to induce tumor-responsive

behavior.

The CD44 cell surface receptor, which is highly overexpressed on a number of solid

epithelial tumor cell types189, has been explored for molecular targeting. HA, a gly-

cosoaminoglycan abundant in the human body, binds CD44 and is internalized via en-

docytosis190. There are multiple examples of successful tumor targeting and uptake of LbL

film coated NPs incorporating HA via CD44 interactions49,157,166,173,181. For example, a

multifunctional NP system encapsulating a photosensitizer, TPPS4, into the LbL shell of

NPs incorporating HA showed enhanced uptake of TPPS4 in vitro by two tumorigenic cell

lines expressing CD44 compared to free TPPS4, and compared to uptake by CD44 negative
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normal kidney fibroblasts. Similar HA-CD44 mediated selective uptake was reported for

HA and PLL condensed polymerized DNA NPs by ovarian cancer cells181 and (PLL/HA)

LbL coated polystyrene NPs by breast cancer cells166. This enhanced uptake was signifi-

cantly reduced by siRNA-directed CD44 gene silencing166 or when cells were pre-treated

with excess free HA, indicating that NP uptake is indeed CD44 mediated49. HA-CD44

targeting has also been demonstrated in vivo. Histological analysis of excised non-small

cell lung carcinoma xenografts showed co-localization of (PLL/HA) NPs with the CD44

receptor. These NPs achieved 4-fold higher accumulation in breast carcinoma xenografts,

and 2-fold reduction in liver accumulation in non-cancer-bearing mice compared to control

NPs of comparable size and charge with dextran sulfate outer layers instead of HA166.

In another LbL system aimed at hematologic malignancies, dual targeting was designed

by conjugating antibodies against CD20 (a well-known blood cancer marker191) to HA (to

aid in CD44-mediated endocytosis). An siRNA cocktail aimed at B-cell lymphoma 2 (a

pro-survival protein) (siBCL2) was layered onto negatively charged PLGA NPs with the

polycation, PAR, and this HA-CD20 conjugate ((PAR/siBCL2/PAR/HA-CD20)) (Figure

2.3a,b). In an orthotopic non-Hodgkin’s lymphoma murine model, 100% and 80% of mice

treated with dual (CD44/CD20) and single (CD44) targeted NPs survived over the 46-day

experiment, respectively (Figure 2.3c). Significantly reduced leukemia cell proliferation

(Figure 2.3c,d), lower expression of BCL2, and an increase in apoptosis associated markers

was observed (Figure 2.3e), again with greater success with dual-targeting compared to

single-targeting173.

Yet another recent receptor-mediated targeting approach combined sugar-lectin interac-

tions to assemble a bioenspired LbL MSN coating with a capping layer of transferrin (Tr)

to bind receptors overexpressed by cancer cells. (Concanavalin A/glycogen) LbL coated,

Dox-loaded MSNs incorporating Tr exhibited higher uptake by liver carcinoma cells over-

expressing Tr receptor, more effective killing of cancer cells, and reduced toxicity against
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Figure 2.3: Enhanced siRNA precision targeting, internalization, and gene downregula-
tion, leading to anticancer efficacy mediated by dual-targeted LbL NPs. (a) Schematic of
a CD20/CD44 dual-targeted LbL NP for siRNA delivery. (b) Cryogenic transmission elec-
tron microscopy images of poly(lactic-co-glycolic acid) (PLGA) NPs without (left) and
with LbL coating (right). (c) In vivo whole-body bioluminescent imaging of luciferase
expressing leukemia cells in mice treated with saline, CD44-targeted siBCL2 LbL NPs,
CD20/CD44 dual-targeted siBCL2 LbL NPs, or CD20/CD44 dual-targeted siNC vehicle
LbL NPs. (d) Quantitative analyses of luminescence intensities from leukemia cells in
mice after 10, 20, and 45 days of treatment. (e) Quantitative analyses of immunohisto-
chemistry images of tumor sections harvested from euthanized mice and stained for BCL2
and apoptosis associated markers, caspase-9 and caspase-3 (*p < 0.05). Adapted from
Reference [173] with permission.

non-cancerous cells in vitro, compared to non-Tr-targeted NPs. This enhanced efficacy was

reduced when Tr receptors were competitively inhibited by soluble Tr167.

Alternative targeting approaches, such as matrix targeting, have also been explored. In

one such example of LbL targeting to osteosarcoma, a bisphosphonate (alendronate), which

is known to bind strongly to bone matrix, was conjugated to PAA. (PAA-alendronate/PLL)

coated quantum dots (QD) demonstrated rapid particle accumulation in bone tissue, and

at later timepoints, high accumulation and long retention in osteosarcoma xenografts in

mice, while non-targeted QD controls showed little or no tumor accumulation. Similarly

coated liposomes containing Dox achieved multi-fold decrease in tumor growth and even

complete tumor remediation in some animals in vivo, in direct comparison to untargeted
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liposomal carriers182.

2.5.2 Theranostics

The importance of tracking chemotherapeutics in the body to monitor their accumula-

tion at the tumor site and their cellular uptake has motivated the development of NPs with

both drug delivery and imaging capabilities. Theranostics can also aid in personalizing

treatment, monitoring disease progression and treatment efficacy, and/or providing imag-

ing aided site-specific treatment, such as photodynamic therapy (PDT)192. Commonly used

imaging agents include QDs182 and magnetic resonance imaging (MRI) contrast agents,

like gadolinium-III (GD3+)49. In the study by Chen et al. described earlier49, GD3+ was

chelated with the photosensitizer (TPPS4) and incorporated into multilayer MSN coat-

ings via host-guest interactions with CD-modified HA. Real-time and ex vivo near infrared

(NIR) fluorescence monitoring of xenograft tumor-bearing mice injected with these NPs

showed greater TPPS4 accumulation at the tumor than in any other organ, which was not

observed with free TPPS4. MRI enabled image-guided PDT.

Monitoring sub-cellular localization of NPs or their cargo can enable tracking of endo-

somal escape and delivery to the nucleus and/or cytosol. A recent LbL theranostic approach

utilized Cy3 dye labeled siRNA, which acted as a fluorescence resonance energy transfer

(FRET) acceptor, and was electrostatically bound to (PAA/PEI) layered upconversion NPs

(UCNPs), which acted as the FRET donor. Along with delivering the siRNA therapeutic,

NIR-initiated FRET enabled simultaneous monitoring of the cargo’s intracellular fate163.

The fluorescence of the siRNA and the UCNPs, as well as the resulting FRET between the

pair allowed initial detection of siRNA coated NP entering cells in vitro. After 24 hours, a

loss of FRET indicated siRNA disassociation from the NPs.

34



2.5.3 Stimuli-Responsive Drug Release

To further enhance the precision delivery of therapeutics at the tumor site, several

stimuli-responsive systems have been investigated, such as those that respond to exter-

nal triggers including light,193 magnetic field,194 and temperature.161 Here we present se-

lected examples of LbL films that respond to the most commonly studied trigger in stimuli-

responsive cancer therapies, pH. The hypoxic and slightly acidic environment of tumors

(pH 6.4-6.8195) has been exploited as a trigger for drug delivery or selective uptake by

cancer cells166 and for intracellular drug release in acidic endosomes and lysosomes (pH

4.5-5.5196)167,197.

The uptake of the (PLL/HA) coated NPs described earlier166 was hypothesized to be

enhanced via the hypoxic and acidic tumor environment, in addition to HA-CD44 interac-

tions. These coated NPs underwent chemical and structural changes at tumor pH includ-

ing swelling and loss of negative charge, which may explain increased uptake observed

in in vitro cell experiments. In an in vivo breast carcinoma xenograft mouse model, im-

munofluorescence microscopy of excised tumors showed co-localization of the NPs with

hypoxia-inducable factor 1-α, suggesting accumulation of the NPs in tissue regions with

low oxygen partial pressure.

The importance of pH responsiveness for intracellular delivery of cargo has also been

demonstrated. (ALG/CHI) coated aminated MSNs loaded with Dox demonstrated a drastic

increase in Dox release at pH 5.2 compared to pH 7.4 (48.6% vs. 7.5%, respectively, in

132 hours). As pH is lowered, the amino groups on the aminated MSNs and CHI become

more ionized, increasing electrostatic repulsion with Dox, while the carboxyl groups on

ALG become less ionized, reducing interaction with Dox, thus leading to greater Dox

release from the MSNs. Intracellular tracking studies in cervical cancer cells suggest that

Dox delivery via the LbL NPs leads to more gradual but prolonged accumulation of Dox
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in the nucleus, which could be beneficial in extending therapeutic efficacy compared to

free Dox. Free Dox was observed to rapidly enter the nucleus. In contrast, the LbL NPs

are endocytosed, following which, the acidic microenvironment of endosomes/lysosomes

triggers the release of Dox from the NPs, which can then translocate to the nucleus165. The

sugar-lectin multilayer films coating Dox-loaded MSNs described earlier for Tr targeting

to cancer cells167 also showed pH responsive intracellular delivery. In vitro studies showed

multilayer stability at pH 7.4 and triggered Dox release at pH 5.0 due to reduced sugar-

lectin binding at low pH.

2.5.4 Tackling Multidrug Resistance: Co-delivery of Anticancer

Therapeutics via LbL Systems

Delivery of multiple therapeutics from a single LbL-engineered NP has shown great

potential in treating multidrug resistant (MDR) cancers. For example, co-encapsulation

of two chemotherapeutics in LbL coated NPs, simultaneously targeting multiple cell sig-

naling pathways known to have crosstalk and feedback, exhibited synergistic killing of

cancer cells in vitro. The coated NPs enhanced tumor volume reduction in mice and did

not exhibit dose-limiting hepatic toxicity associated with the free drug combination187. In

another approach, chemotherapeutic-loaded liposomes were coated with an LbL shell con-

taining siRNA that is delivered first to silence MDR related gene expression, resensitizing

cancer cells to the encapsulated chemotherapeutic, resulting in enhanced treatment efficacy

in tumor-bearing mice168,198.

2.6 LbL Biomaterials for Antibacterial Therapy

Bacterial infections are among the leading causes of death worldwide1. Infection of

implants and biomedical devices are of critical concern, accounting for half of all hos-
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pital acquired (or nosocomial) infections33. To prevent the formation of biofilms, which

severely complicate treatment, it is necessary to inhibit bacteria growth and attachment on

these surfaces36. LbL assembly can be used to develop antimicrobial coatings on implants

and biomedical devices that exhibit anti-adhesion, contact killing, release-based killing,

or arguably the most effective, a combination of more than one of these approaches43,199.

With the ability to incorporate a plethora of molecules and macromolecules with varying

properties in LbL films, several studies have demonstrated the vast potential of LbL for

antibacterial coatings46. Here we focus on discussing some recent examples of LbL films

that include loading and release of antibacterial therapeutics.

2.6.1 Stimuli-Responsive Drug Release

With recent concerns over rising rates of antibiotic resistance and a lack of new thera-

peutic development200,201, it has become crucial to develop new controlled antibiotic deliv-

ery approaches. Effective antibiotic concentrations must be delivered at appropriate time

scales while limiting unnecessary exposure. Over the last few years there has been a dra-

matic increase in publications on stimuli-responsive antibacterial biomaterials69, including

LbL architectures, which provide superior control over antibiotic release and exposure. Ex-

ternal triggers have been used to initiate antibacterial functionality in LbL films including

light (e.g., ultra-violet light triggered reactive oxygen species (ROS) delivery160), tempera-

ture (e.g., polymer brushes switching from bactericidal to cell-repellent202), and magnetic

field (e.g., directed biofilm penetration171). More recently, the native bacterial microenvi-

ronment is being exploited to design self-defensive coatings48,153,154,159,172.
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pH

The most common self-defensive antibacterial LbL films are pH responsive, taking

advantage of the secretion of lactic and acetic acid by various bacteria, reducing the mi-

croenvironmental pH73. pH responsiveness can be imparted by the incorporation of an acid

labile polymer-drug linker (e.g., ALG-dialdehyde-Gen172), or an acid labile polymer, or

simply by the use of weak polyelectrolytes which undergo pH-dependent changes in ion-

ization153,159. An example of the latter approach includes an LbL film assembled from the

weak polyacid, PAA, and micelles loaded with the antibiotic, triclosan, formulated from

a methoxy-poly(ethylene glycol)-poly(ε-caprolactone)-CHI block polymer159. In addition

to enabling a sustained release in vitro (up to 7 days) compared to triclosan micelles alone

(∼8 hours), the LbL films exhibited a more rapid killing of Staphylococcus aureus when

present in non-buffered (NaCl) versus buffered (phosphate buffered saline; PBS) solutions.

These results are explained by the pH responsiveness of PAA and CHI, which causes an

enhanced release of triclosan under acidic conditions (pH 5.5) and in the presence of S.

aureus relative to non-pathogenic conditions (pH 7.4). These LbL films also successfully

reduced the infection incidence rate compared to uncoated subcutaneous implants (16.7%

vs. 83.3%, respectively) in a rabbit S. aureus infection model159.

Sukhishvili and coworkers developed pH responsive antibacterial LbL films exhibit-

ing high levels of stability and sequestration of antibiotics for at least 3548 and 45 days153,

until a burst release was triggered by pH reduction. In one LbL film, 3 different antibi-

otics were incorporated with high drug loading (∼30% wt) by ionic and hydrogen bonding

with tannic acid. Fundamental studies found that change in pH was correlated with the

fraction of antibiotic released and that the release rate was also affected by antibiotic hy-

drophilicity. These coatings inhibited both the attachment and growth of gram-positive and

gram-negative bacteria on the surface and in the surrounding solution in vitro48. In another

system, an interesting loading and release mechanism was designed using films assembled
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with inorganic montmorillonite clay nanoplatelets (MMT) and PAA. To reduce electrostatic

repulsion between MMT and PAA, films were assembled at pH 2.2. The films showed a

high degree of swelling with increasing pH due to ionization of the PAA carboxylic acids

(Figure 2.4a). Loading of the antibiotic, Gen, at pH 7.5 led to a 15-fold deswelling and an

increase in dry film thickness due to high drug loading (∼45 wt %). A dual antibacterial

mechanism was observed: triggered release with decreasing pH (Figure 2.4b) and poten-

tial long term contact killing due to Gen that was strongly bound to MMT. Gen-loaded

(MMT/PAA) coatings killed bacteria and reduced their adhesion under flow conditions

(Figure 2.4c), in which case, Gen release would be attributed to local acidification153. A re-

cent study confirmed the acidity of the bacteria microenvironment with direct visualization

using a pH-sensitive fluorescent probe attached to LbL-assembled poly(methacrylic acid)

(PMAA) films (Figure 2.4d)154.

Enzymes

LbL coatings have been designed to degrade specifically in the presence of bacteria vir-

ulence factors, including enzymes such as hyaluronidases (HAses)203. HAses, which cleave

HA into oligosaccharides204, are produced by a variety of bacteria and thought to assist in

spreading and acquiring nutrients205. We have previously examined the HAse triggered

degradation of (PLL/HA) films, and the concomitant release of PLL, which plays both a

structural and antibacterial role in these films. Film stability and extended antibacterial

efficacy was influenced by PLL diffusion within the films, which is governed by PLL MW.

When incubated with HAse, the films degraded faster than dissolution in buffer, suggest-

ing that these films may potentially release PLL more rapidly in the presence of virulent

HAse-producing bacteria199. Beyond polypeptide release, HAses can also trigger antibiotic

release from LbL films. Wang et al. developed Gen loaded (MMT/HA) films and showed

that higher amounts of Gen were released in the presence of higher concentrations of HAse
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Figure 2.4: pH-responsive self-defensive antibacterial LbL coatings. (a) Confocal laser
scanning microscopy (CLSM) images of Alexa-488-stained (MMT/PAA) films dried (left)
or hydrated in 0.2 M NaCl/0.01 M PBS at pH 2.5 (middle) or pH 7.5 (right). (b) Influence of
pH on percent Gen released from (MMT/PAA + Gen) or (MMT/Gen) films evaluated using
atomic force microscopy (AFM) or Fourier transform infrared spectroscopy (FTIR). (c)
Number of live and dead S. aureus cells adhering to the surface of Gen-free and Gen-loaded
(MMT/PAA) films after a constant 2-hour flow of 3 x 108 bacteria/mL suspensions in PBS.
(d) CLSM images of a pH-responsive-probe-labeled PMAA coating showing fluorescence
surrounding S. aureus (left) and E. coli (right) due to local acidification. Adapted from
Reference [153] (a-c) and Reference [154] (d) with permission.

or increasing concentrations of S. aureus or E. coli. In an in vivo rabbit infection model,

subcutaneous polydimethylsiloxane (PDMS) implants coated with these films showed a

reduction in live bacteria and increase in dead bacteria on the surface, as well as a much

lower number of live bacteria and healthier tissue surrounding the implant, compared to un-

coated implants. The authors noted that potential microenvironmental factors in vivo (e.g.,

proteins, macrophages) reduced film efficacy compared to in vitro results, underlining the

importance of in vivo investigation206.

An additional advantage of enzymatic degradation is the stimuli-responsive removal of

film layers which strips off any attached bacteria. This self-cleaning mechanism is criti-

cal in reducing accumulation of dead bacteria on the surface, which prevents protein ad-
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sorption, increases antibacterial efficacy, and may prevent biofilm formation207. With Gen

loaded (MMT/PLL) films, which degraded in the presence of chymotrypsin or bacteria,

LIVE/DEAD staining after 4 hours showed the same number of bacteria adhered on the

film’s surface as on uncoated or Gen-free (MTT/PLL) coated PDMS, albeit the majority

were dead. However, after 24 hours, a large portion of the dead bacteria had been removed

from the coated surfaces likely due to the removal of layers by enzymatic degradation208.

2.6.2 Combination Therapy

The innate versatility of LbL assembly allows the incorporation of more than one treat-

ment or functionality, such as combining therapeutics with different modes of action. Mul-

tiple examples of systems combining cationic polymers or peptides with antibiotics for syn-

ergistic bacteria killing have been reported209, and have been demonstrated with LbL sys-

tems as well. For example, MSNs loaded with amoxicillin coated with positively charged

lysozyme, followed by HA, and then a cationic polymer showed improved antibacterial

efficacy against amoxicillin-resistant S. aureus and E. coli in vitro compared to control

formulations lacking one or more of the therapeutic components. The enhanced antibac-

terial effect of the LbL systems was demonstrated in an in vivo murine S. aureus wound

infection model compared to co-delivery of free lysozyme and amoxicillin. The polyca-

tion and lysozyme can electostatically interact with and damage the bacterial membrane,

while the HA provides HAse responsive cleavage and delivery of the loaded antibiotic,

amoxicillin210.

Some LbL systems have been designed to respond to multiple stimuli enabling differ-

ent bacterial killing mechanisms. In one example, magnetic NPs were coated with Gen,

tannic acid, silver NPs, and then HA. This film exhibited dual-responsive release of Gen

and Ag+ in the presence of HAse and at low pH, while magnetic field navigation enabled

enhanced penetration of the NPs into biofilms, improving biofilm disruption and dramat-
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ically eliminating live bacteria (0.01% vs. 71% with and without external magnetic field,

respectively). These films offer ways to tackle difficult to treat bacterial infections171.

2.6.3 Engineering the Microbiome: LbL Delivery of Probiotics

With a recent explosion of interest in the gastrointestinal (GI) microbiome and its roles

in homeostasis and pathology and appreciation of the therapeutic potential of probiotics,

LbL assembly has garnered attention for the effective delivery of these beneficial bacteria

to the GI tract. Probiotic delivery vehicles must protect the cells from the enzymes and

acidic environment of the gut, and promote adhesion and growth on intestinal surfaces.

Different bacteria have been coated using LbL films such as (carboxymethyl cellulose/k-

carrageenan)211 or (CHI/sodium phytate)212, and have shown improved survival in vitro

under simulated gastric conditions. Anselmo et al. encapsulated Bacillus coagulans in

(CHI/ALG)2 bilayers, significantly improving cell survival under in vitro GI mimicking

conditions compared to uncoated or single bilayer coated bacteria. The terminal ALG

layer shrinks and forms an insoluble layer in GI conditions, and was hypothesized to limit

diffusion of protons and bile salts to the probiotics, thus increasing survival. The LbL layers

also enhanced the adhesion and growth of the coated cells to ex vivo porcine small intestine

tissue (∼1.5-fold greater than uncoated bacteria), and in a live human intestine-mimicking

tissue in vitro model (∼3-fold higher after 1 hour compared to uncoated bacteria) due to the

mucoadhesive properties of CHI and ALG. These advantages led to an over 6-fold increase

in bioluminescence in the GI tract emitted from coated bacteria compared to uncoated

bacteria administered to mice via oral gavage. These results are highly promising for future

translation of a facile LbL probiotic delivery technology213.
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2.7 LbL Biomaterials for Directing Cellular Responses

Beyond delivery of chemotherapuetics and antibacterials, LbL assembly has been used

extensively to develop functional biomaterials that mimic the in vivo microenvironment,

providing scaffolds and signaling molecules for cells, preserving activity of sensitive

biomolecules214–216, and overcoming many of the challenges facing vaccine delivery to

antigen presenting cells (APCs)115. Here, we briefly review some of the latest develop-

ments in LbL assembly for such applications.

2.7.1 Tissue Regeneration While Preventing Infection

For many medical implants a key concern is promoting cell adhesion and tissue integra-

tion while preventing bacterial attachment45. To address this “race to the surface”, the Cao

group took advantage of LbL assembly to conformally coat pH172 and HAse217 respon-

sive antibacterial LbL films onto osteogenic growth factor (bone morphogenetic protein;

BMP-2) loaded titania nanotubes. These coatings successfully reduced bacterial attach-

ment and growth and promoted osteoblast differentiation in vitro. Even in a S. aurues and

osteoblast co-culture, the pH-responsive coatings allowed osteoblast growth and spreading

and reduced bacterial growth compared to controls172.

Other work has examined utilizing LbL assembly to achieve tailored release of antibi-

otics and growth factors by developing distinct upper and lower multilayer segments con-

taining poly(β-amino esters) that undergo hydrolytic degradation at different rates66. This

LbL film provided early Gen release, which eradicated an established S. aureus biofilm

in a rat tibial osteomyelitis model, followed by a sustained Gen release to prevent infec-

tion over 8 weeks. BMP-2 in the lower layers exhibited a sustained release, important to

prevent burst associated risks such as bone cancer and to promote tissue growth. Alter-
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natively, staged release of Gen and BMP-2 was achieved by incorporating laponite clay

barrier layers to reduce interlayer diffusion179. The time to release 99% of BMP-2 from a

single component film was 19 days, which was extended to 33 days with the addition of

Gen containing layers on top, while coatings incorporating a single or double clay barrier

interlayer extended the release to 47 and 55 days, respectively. Compared to single compo-

nent films, extended BMP-2 release enabled significantly greater osteoblast differentiation

over 4 or more weeks.

2.7.2 Delivery of Cells

Delivery of cells for transplantation, cell therapy, and tissue engineering requires the

use of carriers (e.g., scaffolds, vesicles) to aid in cell survival, growth, and potentially

differentiation. LbL assembly has been used as a mechanism to provide an ultrathin ex-

tracellular matrix (ECM) for individual cells or cell aggregates, mimicking in vivo con-

ditions111,216. Fakuda et al. demonstrated the potential of this approach by LbL coating

single mouse β-cells with bilayers of ECM components, fibronectin and gelatin, which

promoted integrin-mediated cell-ECM interactions, facilitating rapid fabrication of dense

β-cell spheroids. These spheroids produced greater levels of insulin in vitro compared

to spheroids assembled from non-LbL-coated cells or 2D cultured cells. When the LbL

spheroids were transplanted into diabetic mice, blood glucose levels were quickly reduced

and glucose sensitivity after intraperitoneal glucose simulation was improved112.

LbL cell coatings can also themselves be loaded with therapeutics to promote cell func-

tion upon release. For example, dermal papilla cells (DPCs), specialized mesenchymal

cells found in hair follicles, were coated with fibroblast growth factor-2 (FGF-2) contain-

ing LbL films, (gelatin/ALG + FGF-2/gelatin). These films mimicked the native cellular

microenvironment and delivered FGF-2, which is known to play an important role in hair

regeneration, over 6-7 days. These coatings promoted higher proliferation, viability, and
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expression of intrinsic markers in DPCs compared to non-FGF-2 loaded coatings. When

tested on nude mice, subcutaneous delivery of FGF-2 LbL coated DPCs with epithelial cells

resulted in de novo hair generation with higher induced hair follicle density, maturity, and

organized 3D cellular structure compared to non-FGF-2 containing treatments or uncoated

DPCs. These approaches may be useful for treatment of conditions such as alopecia218.

2.7.3 Delivery of Vaccines

DNA vaccine delivery is another recent area in which LbL assembly has shown tremen-

dous promise in addressing some of the critical challenges associated with nucleic acid

vaccine delivery115: providing higher cargo loading219, controlling delivery duration and

uptake by APCs220,221, protecting cargo170, and co-delivering antigen and adjuvant to en-

hance the immune response219,221. Zhang et al. developed LbL films composed of just

immune signals (increasing loading and eliminating potential immune response elicited by

synthetic polymers) by layering a cationic peptide antigen and anionic nucleic acid adjuvant

(poly-riboinosinic:polyribocytidylic (poly(I:C))) on gold NPs. Confocal imaging showed a

high degree of co-localization between poly(I:C) and the peptide in the extranuclear region

in dendritic cells (DCs) treated with LbL NPs in vitro. The LbL NPs activated DCs in vitro

and in mice, eliciting more potent antigen-specific T cell expansion and recall than soluble

antigen and adjuvant219.

Again taking advantage of the ability of LbL to coat a range of substrates, combining

the substrate’s beneficial properties with LbL functionality to enhance treatment, pain-free,

LbL microneedle (MN) mediated transdermal vaccination into skin (rich with APCs) has

been explored220–222. For this approach, LbL films loaded with model antigens or adjuvants

are coated onto MNs with a stimuli-responsive LbL film or responsive base layer to achieve

rapid lift-off or release of the films once the MNs are implanted in the skin, leading to sus-

tained cargo release. He et al. developed MNs coated with (PEI/poly(I:C)) LbL films on

45



top of a pH responsive polymer base layer, which resulted in quick release upon implanta-

tion (over 15 minutes) into mouse ears. Similar LbL coated microneedles showed efficient

uptake of poly(I:C) by 37% of APCs in human ex vivo skin tissue within 20 minutes of

implantation222. Further innovation has led to LbL MNs that shorten application time to 1

minute, using pH-induced charge-invertible micelles as a base layer, followed by multilay-

ers of model antigen, chicken ovalbumin (OVA) and a synthetic polycation. Despite this

rapid administration, LbL MN vaccination of mice generated OVA-specific antibody levels

9-fold and 160-fold higher than intramuscular and subcutaneous injections, respectively220.

Duong et al. demonstrated the potential of using these vaccine coated MNs for DNA-

based cancer immunotherapy, in which the goal is to generate immune cells with speci-

ficity against cancer cells. Polycarbonate MNs were coated by alternating deposition of

poly(I:C) and an ultra-pH-responsive oligo sulfamethazine conjugated poly(β-amino ester

urethane) polymer (OSM-(PEG-PAEU)) that forms polycationic micelles at pH 4. Finally,

a polyplex of pOVA (plasmid DNA) vaccine with a polycation (DA3; branched-PEI de-

oxycholic acid conjugates), was deposited. The positively charged OSM-(PEG-PAEU)

sequestered poly(I:C) and pOVA with minimal release at pH 4.0 in comparison to 90%

release at pH 7.4 resulting from pH-responsive coating disassembly (Figure 2.5a). FITC

labeled polyplexes delivered subcutaneously on the back skin of mice rapidly diffused into

blood capillaries while MN patch administration showed that polyplexes persisted at the

site (Figure 2.5b). This difference in polyplex retention at the implantation site resulted in

low and high OVA protein expression three days after subcutaneous and MN administra-

tion, respectively. Macrophages and DCs took up the antigen and adjuvant and effectively

activated B cells for humoral immunity, and CD8+ T cells for cellular immunity. The con-

centration of anti-OVA antibodies produced by co-delivery of antigen and adjuvant via the

LbL MN array was greater than controls as presented in Figure 2.5c, as was the population

of IFN-γ secreting CD8+ T cells. This enhanced immune response activation by adjuvant

containing LbL coated MNs translated to significantly higher suppression of tumor growth
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Figure 2.5: LbL coated MN arrays co-deliver DNA vaccine antigen and adjuvant for can-
cer immunotherapy. (a) Percent cumulative release of pOVA from MN arrays coated with
layers of ultra-pH-responsive OSM-(PEG-PAEU) and poly(I:C) at pH 4.0 and 7.4. Insets
shows scanning electron microscopy images of the corresponding MN arrays after incuba-
tion. (b) Distribution of FITC labeled polyplexes in the back skin of mice 30 minutes after
subcutaneous (SC) or MN array patch administration. (c) Anti-OVA IgG1 titer in blood
samples of mice immunized with various formulations through either SC or MN admin-
istration. (d) Survival curves of mice 60 days after various treatments (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001). Adapted from Reference [221] with permission.

in a lung metastasis murine model compared to control formulations, with 20% of mice

still alive 60 days post administration (Figure 2.5d)221.

2.8 Conclusions and Perspectives

This review highlighted the advantages of LbL self-assembly for applications in drug

delivery. Using LbL, materials of different size (e.g., small molecules, proteins, poly-

mers, cells) can be combined under benign aqueous assembly conditions to develop smart
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biomaterials. LbL has been used to engineer multifunctional drug carriers which better

mimic in vivo biological microenvironments, providing cargo protection, precision target-

ing, stimuli-responsive delivery, and improved spatiotemporal co-delivery of multiple ther-

apeutics. Future studies focusing on investigating interactions between LbL biomaterials

and cells in an in vivo environment and the factors that might affect stability, responsive-

ness, and drug release from LbL systems (e.g., enzyme concentrations, local pH, presence

of proteins and marcophages, etc.) will move these systems closer to the clinic. In the

applications presented here, this need for further preclinical studies is especially clear for

antimicrobial LbL biomaterials, where in vivo work appears less prevalent than other LbL

application areas. Additional systematic and in-depth biocompatibility studies, especially

in the newer areas of LbL coatings applied to cells and regenerative medicine, are also crit-

ical for future advancement. Finally, a deeper understanding of the underlying mechanisms

of interaction between film components could help further the advancements in engineer-

ing biological-tailored systems and predicting their responses. With continuous innovation

in LbL, we have only just scratched the surface of potential advancements in LbL drug

delivery.
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Chapter 3

Influence of poly-L-lysine molecular
weight on antibacterial efficacy in

polymer multilayer films

Chapter 3 has been previously published as an original article:

Alkekhia, D. and Shukla, A. “Influence of poly-L-lysine molecular weight on antibacterial
efficacy in polymer multilayer films”, J. Biomed. Mater. Res. Part A, 107: 1324-1339,
2019.
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3.1 Abstract

Antibacterial coatings can prevent and treat medical device-associated infections. We

examined the antibacterial properties of coatings assembled from poly-L-lysine (PLL) and

hyaluronic acid (HA). (PLL/HA) films were fabricated using layer-by-layer assembly with

three different PLL MWs, differentiated by number of repeat units, i.e., 33, 91, and 407 (de-

noted PLL30, PLL90, and PLL400). Films assembled with all three PLL MWs completely

inhibited the growth of planktonic, gram-positive Staphylococcus aureus and methicillin

resistant S. aureus and gram-negative Pseudomonas aeruginosa and Escherichia coli, over

a 24-hour exposure. All three film architectures also inhibited S. aureus attachment by ap-

proximately 60 to 70% compared to non-film coated surfaces, likely attributed to significant

film hydration and electrostatic repulsion due to HA. The true differences in antibacterial

efficacy between different PLL MWs were observed upon repeated exposures of (PLL/HA)

to S. aureus every 24-hours. We found that PLL400 films lost the ability to inhibit plank-

tonic S. aureus growth after one use while PLL30 and PLL90 films were effective over 4 to

5 and 9 to 13 repeated exposures, respectively. Our experiments indicated that differences

in efficacy were related to low in-film mobility of PLL400 and also agreed with dissolution

timescales for PLL30 and PLL90 films.

3.2 Introduction

Bacterial infections are among the leading causes of death worldwide. These infec-

tions are becoming increasingly difficult to treat due to rising antibiotic resistance and

stagnant antimicrobial development and approval.223,224 Resistant bacteria lead to more

than 23,000 deaths annually in the United States alone225 and an estimated 700,000 deaths

worldwide.226 Many of these infections are acquired in hospital settings.1 At least half of

nosocomial infections involve medical devices.32,227 Medical devices are often prone to
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bacterial attachment and biofilm formation,35 which can severely complicate treatment.34,36

Biofilms are capable of evading antibiotic therapies, causing recurring infections, and lead-

ing to further dissemination of planktonic bacteria.37,228 Antibacterial surface coatings aid

in preventing biofilm formation and device-associated infections and have been used clin-

ically to coat a range of medical surfaces including catheters,38 implant nails,39,40 wound

dressings,41 and pacemakers.42 The primary mechanisms of antibacterial activity of these

coatings include release-based killing (e.g., silver eluting surfaces229,230), contact killing

(e.g., hydrophobic polycation coated surfaces231,232), and anti-adhesion (e.g., hyaluronic

acid coated surfaces233). Multifunctional coatings integrating different antibacterial ap-

proaches that are capable of both inhibiting bacterial attachment (the first step of biofilm

formation) and killing surrounding planktonic bacteria have the potential to mitigate seri-

ous infection related complications.43

With a minimal arsenal of newly approved antibiotics to combat common infections,

antimicrobial polymers and polypeptides have gained interest as alternative therapeu-

tics.7,47,51,234 These macromolecules typically act by disrupting bacterial cell membranes

and are potentially less susceptible to resistance development in bacteria.52 Additionally,

many of these polymers have been shown to be active against gram-negative bacteria,7,47

which are often more difficult to treat than gram-positive species,223,235–237. Moreover, the

size and charge of antimicrobial polymers make them good candidates for coating surfaces

without the use of complex covalent grafting methods.238 An example of these polymers,

α-poly-L-lysine (PLL), is a synthetic polypeptide whose cationic nature imparts an intrin-

sic antibacterial functionality. PLL has most commonly been used in non-antimicrobial

therapy related applications including DNA239 and drug delivery240 and enhancing cell at-

tachment to surfaces.241 PLL in solution, ranging in molecular weight (MW) between 4 to

30 kDa, has been found to be effective against different bacteria species including Staphy-

lococcus aureus, Escherichia coli, and Pseudomonas aeruginosa.242–245 PLL has been

combined with other biomaterials to provide or enhance antibacterial efficacy. For exam-
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ple, graphene-PLL composites showed improved antibacterial efficacy compared to either

graphene or PLL alone;246 similar results were seen with chitosan-PLL conjugates.247 PLL

has also been conjugated to prophycenes248 and porphyrins249 to render these photosensitiz-

ers effective in killing gram-negative and gram-positive bacteria. Despite PLL’s potential as

an effective antimicrobial, studies on its use as a stand-alone antibacterial agent are highly

limited. Here we have demonstrated that PLL incorporated in polyelectrolyte multilayer

surface coatings renders these films antibacterial without any further modification, incor-

poration of antibiotics, or additional antimicrobial polymers. We formulated these coatings

using layer-by-layer (LbL) self-assembly. LbL assembly is a versatile, aqueous film as-

sembly method based on alternating adsorption of multivalent species with complementary

interactions,122 typically via dipping, spraying, or spin-coating.132 Among its many advan-

tages is the ability to coat a wide range of materials and substrate geometries while retaining

critical substrate functional and/or morphological properties.107,117 LbL assembly has been

used to fabricate polyelectrolyte multilayers for many different applications,110,250,251 in-

cluding coatings containing other antimicrobial components.46,252,253 PLL has been used to

assemble LbL films,254–256 often with hyaluronic acid (HA),139,241,257–259 an anionic natural

polysaccharide abundant in connective tissue. These (PLL/HA) multilayer films have been

used primarily in investigating mechanisms of LbL film growth.139,257,258 Use of (PLL/HA)

films for biomedical applications including vesicle formation for drug delivery259 or devel-

opment of cell culture surfaces241,260 has also been studied. PLL has previously been in-

corporated in antibacterial coatings, (HA/chitosan)-(HA/PLL) composite LbL films,261 and

LbL films composed of photocrosslinked PLL and photoreactive vinyl-modified HA.262 In

the (HA/chitosan)-(HA/PLL) composite films, the (HA/PLL) layers underwent enzymatic

degradation, reducing bacterial attachment, while the remaining (HA/chitosan) layers pro-

vided bactericidal activity. In the photocrosslinked PLL containing films, the elasticity

of the multilayer films was tuned via changing crosslinking parameters to investigate the

influence of film stiffness on bacterial attachment and growth. To the best of our knowl-
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edge, (PLL/HA) multilayer films lacking covalent modifications and the incorporation of

additional antimicrobial components, have not yet been examined for their antibacterial ef-

ficacy. Lichter et al. reported the importance of polycation mobility in dictating LbL film

antibacterial efficacy.263 Mutschler et al. found that the length of poly(arginine), a cationic

polypeptide, in (poly(arginine)/HA) LbL films played a key role in the antibacterial effect

of these films. Lower molecular weight (MW) poly(arginine) consisting of 30 repeat units

was hypothesized to diffuse to the surface of the film and interact with surface exposed bac-

teria due to enhanced mobility compared to 100 and 200 repeat unit poly(arginine) films.264

Based on the intrinsic antibacterial properties of PLL and the findings of these previous

studies, we hypothesized that (PLL/HA) assemblies may serve as antibacterial coatings

that inhibit planktonic bacterial growth and bacterial surface attachment by a mechanism

influenced by PLL mobility.

In this work, we examined the role of PLL MW in determining (PLL/HA) film an-

tibacterial properties. Three different MWs of PLL were examined (33, 91, or 407 repeat

units; i.e., 6.9, 19, and 85.1 kDa, which we refer to as PLL30, PLL90, and PLL400, respec-

tively). We investigated the physicochemical properties of these films including growth and

PLL loading, swelling behavior and wettability, PLL mobility within these films, and PLL

release properties. We also investigated the growth inhibition of planktonic bacteria and

inhibition of bacterial attachment on film coated surfaces, finding that all three film archi-

tectures reduced bacterial attachment and inhibited planktonic bacterial growth. However,

these films exhibited differences in efficacy over repeated bacterial exposures, which were

attributed to several PLL MW dependent characteristics of the films including differences

in PLL mobility and in film stability. The (PLL/HA) films we have examined in this work

could be assembled on different medical devices including implants, wound dressings, su-

tures, and vascular grafts to prevent bacterial infections with a multifunctional approach

via their antiadhesive properties, localized PLL release, and contact killing activity.
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3.3 Materials and Methods

3.3.1 Materials

α-Poly-L-lysine hydrobromide (PLL) of different repeat units (RU) and hence MW

were obtained from Alamanda Polymers (Huntsville, AL) (PLL10: 10 RU, MW 2.1

kDa, polydispersity index (PDI) not reported; PLL30: 33 RU, MW 6.9 kDa, PDI 1.02;

PLL90: 91 RU, MW 19 kDa, PDI 1.07; PLL400: 407 RU, MW 85.1 kDa, PDI 1.02).

Hyaluronic acid sodium salt from Streptococcus equi (HA, MW ∼1.65 MDa), poly(sodium

4-styrenesulfonate) (SPS, MW ∼70 kDa), hyaluronidase from Streptomyces hyalurolyti-

cus (HAse), human plasma fibronectin, bovine calf serum, high glucose Dulbecco’s

Modified Eagle’s Medium (DMEM), Dulbecco’s phosphate buffered saline without cal-

cium or magnesium (PBS, 10×), sodium bicarbonate, sodium dodecyl sulfate, anhy-

drous dimethyl sulfoxide (DMSO), and methanol were obtained from Sigma-Aldrich (St.

Louis, MO). Linear poly(ethyleneimine) (LPEI, MW ∼45 kDa) was obtained from Poly-

sciences, Inc. (Warrington, PA). Silicon wafers were obtained from WAFERPRO (San Jose,

CA). 2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA, 5% in methanol solution), sodium

hydroxide (NaOH, 1 N), hydrochloric acid (HCL, 1 N), borosilicate glass slides, 5/6-

carboxyfluorescein succinimidyl ester (NHS-fluorescein), dye removal columns, and Slide-

A-Lyzer 3.5 kDa molecular weight cut off (MWCO) dialysis cassettes were obtained from

Thermo Fisher Scientific (Waltham, MA). Normal goat serum (NGS) and Alexa Fluor

594 goat anti-rabbit IgG were purchased from Life Technologies (Eugene, OR). Rabbit

anti-fibronectin antibody was purchased from Invitrogen (Carlsbad, CA). LIVE/DEAD Ba-

cLight Bacterial Viability Kit L7007 was obtained from Molecular Probes (Eugene, OR).

Cell counting kit-8 (CCK8) was purchased from Dojindo Molecular Technologies, Inc.

(Rockville, MD). NIH 3T3 murine fibroblasts (CRL-1658), Staphylococcus aureus 25923,

methicillin-resistant S. aureus (MRSA) MW2 (BAA-1707), Pseudomonas aeruginosa
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27853, and Escherichia coli 25922 were obtained from ATCC (Manassas, VA). Cation-

adjusted Mueller Hinton Broth (CMHB) and CMHB agar plates with 5% sheep’s blood

were obtained from BD Biosciences (San Jose, CA). Trypsin and penicillin-streptomycin

were obtained from Caisson (North Logan, UT). Ultra high purity nitrogen gas (99.999%)

was obtained from Corp Brothers, Inc. (Providence, RI). Ultrapure water (18.2 MΩ·cm

MilliQ, EMD Millipore, Taunton, MA) was used in all experiments.

3.3.2 Characterizing (PLL/HA) Film Physicochemical Properties

Layer-by-Layer Film Assembly

Silicon and glass substrates (∼7 x 25 mm) were prepared for assembly by rinsing in

methanol three times, followed by three water rinses, and drying with air before plasma

etching using air in a Harrick PDC-32G plasma cleaner operated at high radio frequency

level (12 MHz) for one or five minutes for silicon and glass, respectively. Immediately

following plasma etching, the substrates were submerged in LPEI (10 mM, pH 4.25) for at

least 15 minutes. All substrates were initially coated with 10 (LPEI/SPS) bilayers assem-

bled by submerging substrates in LPEI (10 mM, pH 4.25) followed by SPS (10 mM, pH

4.75) and repeating, using an adapted Zeiss-Microm DS-50 programmable slide stainer,

as previously described.253 Following (LPEI/SPS)10 assembly, (PLL/HA)n films were as-

sembled using a Biolin Scientific KSV Nima dip coater, where n represents the number

of bilayer repeats assembled. For all other experiments (PLL/HA)50 films assembled with

all three PLL MWs examined were utilized unless otherwise stated. Substrates were first

submerged into PLL30, PLL90, or PLL400 (1 mg/mL in 1× PBS, pH 7.4) for 15 minutes,

followed by a 5 minute rinse with gentle agitation in 1× PBS, pH 7.4. This PLL adsorption

step was followed by an analogous HA adsorption step. The substrates were submerged

into HA (1 mg/mL in 1× PBS, pH 7.4) for 15 minutes, followed by a 5 minute rinse
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with gentle agitation in 1× PBS, pH 7.4. This process was repeated n times to build up

(PLL/HA)n. Polymer solutions were refreshed after 25 bilayers. Film or complex formed

on the non-plasma treated surface of the substrate was removed with 1 M NaOH. Films

were dried under nitrogen and stored at 4◦C prior to use in subsequent experiments.

Film Growth Characterization

(PLL/HA)n film growth was examined by measuring dry film thickness for n = 5, 10,

15, 20, 30, and 50 bilayers. Films with thicknesses below 200 nm were measured using a

J.A. Woollam M-2000 ellipsometer, while thicker films were examined using a Veeco Dek-

tak 3 surface profilometer. For ellipsometry measurements, a 632.8 nm laser was used at

three incidence angles: 55, 65, and 75 degrees. The refractive index for the polymer films

was set to 1.55. Measurements were taken at six different locations on the substrate. For

profilometry measurements, films were scratched at three different locations and the aver-

age step height between the uncoated surface and the film was determined. Scan lengths of

2000 µm were utilized.

Film Swelling

Dry (PLL/HA)50 films assembled on glass were hydrated in 1× PBS at 4◦C for 18 hours

and incubated with fluorescein-labeled PLL (1 mg/mL PLLF) (see Section 2.2.4 for PLLF

labeling protocol) for 15 minutes at 25◦C. These films were imaged using a Zeiss LSM

800 confocal laser scanning microscope (CLSM) with a C-Apochromat 40×/1.2 W Korr

objective (0.44 µm Z-sections). A 488 nm laser (0.1% power) was used to image PLLF in

the films, while a 640 nm laser (1.2% power) was used to detect the position of the glass

substrates via reflection. The hydrated thickness of the film was measured by examining

thickness of a rendered Z-stack of these films using ZEISS ZEN software (some level of

fluorescence from PLLF was visible throughout the entire film thickness for each PLL MW
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examined). This hydrated thickness was then compared to the dry film thickness obtained

via profilometry to obtain a percent swelling using equation 3.1:

% Swelling =
film hydrated thickness − film dry thickness

film dry thickness
(3.1)

Examining PLL Mobility Within (PLL/HA)50 Films

In order to examine PLL mobility within (PLL/HA)50 films, PLL was first fluorescently

labeled with fluorescein (PLLF) generally following the NHS-fluorescein vendor protocol.

Briefly, PLL30F, PLL90F, and PLL400F, were synthesized by mixing the appropriate MW

PLL (2 mg/mL) with NHS-fluorescein (10 mg/mL in anhydrous DMSO) at a 1:0.025 molar

ratio of PLL RU to fluorescein in 0.1 M sodium bicarbonate (pH 8.5) for 18 hours at 25◦C.

Free fluorescein was removed using a dye removal column and the conjugate was dialyzed

in water for 12 hours at 25◦C using a 3.5 kDa MWCO membrane. Conjugation and purity

were confirmed using size exclusion chromatography (SEC; Agilent 1260 Infinity high

precision liquid chromatograph).

Dry (PLL/HA)50 coated glass slides were hydrated in 1× PBS at 4◦C for 18 hours.

Hydrated films were then incubated in PLLF of matching PLL MW as PLL used in the film

assembly for 15 minutes, followed by a 1× PBS rinse for 5 minutes. These films, denoted

(PLL/HA)50-PLLF, were subsequently imaged using CLSM as described in Section 2.2.3.

(PLL/HA)25-(PLLF/HA)-(PLL/HA)24 films were also assembled with PLLF sandwiched

in the middle of the (PLL/HA)50 film. Following 25 bilayers, a PLLF adsorption and

rinse step was performed identical to PLL adsorption steps, followed by the remaining 24

bilayers of (PLL/HA). Again, the same PLLF MW was utilized as the rest of the PLL in the

film. Dry (PLL/HA)25-(PLLF/HA)-(PLL/HA)24 films were hydrated in 1× PBS at 4◦C for

18 hours before they were imaged using CLSM as described in Section 2.2.3.
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Fluorescence recovery after photobleaching (FRAP) experiments were also conducted

using a Zeiss LSM 800 CLSM with a C-Apochromat 40×/1.2 W Korr objective on

(PLL/HA)50-PLLF films. Circular regions (20 µm diameter) were bleached with a 488

nm laser until fluorescence intensity reached ∼30% of the initial intensity. Average fluo-

rescence was then monitored in the bleached region over 15 minutes and corrected using

the intensity of a non-bleached region of the same size to account for gradual photobleach-

ing during imaging; this corrected average fluorescence was normalized to the intensity

pre-bleaching. Measurements were conducted in the center of the films to reduce substrate-

film and PBS-film effects. FRAP experiments were repeated using three coated substrates

per condition with at least two FRAP experiments per substrate.

Measuring (PLL/HA)50 Film Stability

(PLL/HA)50 Film Dissolution in Bacteria Media

(PLL/HA)50 coated silicon wafers were sterilized via exposure to ultraviolet light in a

Nuaire Class II Type A2 biosafety cabinet for 15 minutes per side and then incubated in

1 mL of CMHB at 37◦C shaking at 100 rpm. Every 24 hours, the substrates were rinsed

twice with 1× PBS and then added to fresh CMHB. The substrates were dried with nitrogen

following the rinse step either every 24 hours for PLL30 and PLL90 films or every 4 days

for PLL400 films, and dry film thickness was measured using a Veeco Dektak 3 surface

profilometer (as described in Section 2.2.2).

Degradation of (PLL/HA)50 in HAse and Quantification of Released PLL

(PLL/HA)50 coated silicon wafers were incubated coating side facedown in 0.5 mL of

1× PBS, pH 7.4 or HAse dissolved in 1× PBS at different concentrations (2.5, 5, and 10

U/mL) at 37◦C. Every hour until one of the film architectures completely degraded, all

59



films were removed from their incubation solution, dried with nitrogen and dry thicknesses

were measured using a Veeco Dektak 3 surface profilometer (as described in Section 2.2.2).

Films were then incubated in fresh 1× PBS or HAse. Incubation solutions were stored at

-20◦C until their PLL content was quantified. TNBSA was used to quantify the amount of

PLL in each incubation solution by taking advantage of its colorimetric reaction with the

primary amines of PLL. The assay was modified from the vendor protocol and previously

published protocols.265,266 Briefly, 50 µL of the film incubation solution or controls of blank

1× PBS were transferred to a 96-well plate (UV-transparent) and mixed with 25 µL of

diluted TNBSA solution (0.01% in sodium bicarbonate, pH 8.5) and left rocking for 30

minutes at 37◦C. To stop the reaction, 12.5 µL of 1 M HCl was added followed by 25 µL of

10% SDS, and the absorbance was measured at 335 nm using a BioTek R© Cytation 3 plate

reader. Standard curves of PLL at each MW studied were produced to quantify the PLL

release results. HAse was confirmed to produce no interfering signal. Total PLL loading

in (PLL/HA)50 films was similarly examined by completely degrading films in 10 U/mL

HAse for 22 hours at 37◦C and subsequently quantifying the PLL present using TNBSA.

3.3.3 Antibacterial Activity of PLL and (PLL/HA)50 Coatings

Investigating PLL Minimum Inhibitory Concentration (MIC)

Antibacterial activity of PLL was tested against S. aureus using a modified microdilu-

tion assay based on previously established protocols.267 PLL30, PLL90, PLL400 were dis-

solved in CMHB at 256 µg/mL and filtered using a 0.22 µm sterile syringe filter. PLL

solutions were serially diluted 1:2 with CMHB in 96-well plates. Bacteria in its logarith-

mic growth phase was added at a final concentration of 105 CFU/mL. Positive controls of

bacteria cultured without any treatment and negative controls of CMHB without bacteria

were included. After 16 to 18 hours of shaking at 100 rpm and 35◦C, the optical density
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at 600 nm (OD600) was measured using a BioTek R© Cytation 3 plate reader. Normalized

bacteria density was calculated using Equation 3.2.

Normalized bacteria density =
sample abs − negative control abs

positive control abs − negative control abs
(3.2)

The MIC of PLL was taken as the range of sample concentrations over which the nor-

malized bacteria density transitioned from 0 to greater than 0.

Measuring Planktonic Bacteria Growth Inhibition by (PLL/HA)50 Films

The capability of (PLL/HA)50 coated silicon wafers to inhibit growth of S. aureus,

MRSA, E. coli, and P. aeruginosa was examined. Film coated substrates and controls of

uncoated silicon were sterilized via exposure to ultraviolet light in a Nuaire Class II Type

A2 biosafety cabinet for 15 minutes per side. Samples were placed in 12-well plates with

1 mL of 105 CFU/mL bacteria in its logarithmic growth phase. After a 24-hour incubation

with shaking at 100 rpm and 37◦C, 100 µL of media was removed from each well. The

OD600 was measured using a BioTek R© Cytation 3 plate reader to examine bacterial growth.

Normalized bacterial density was calculated using Equation 2, where the positive control

was bacteria cultured without any treatment and the negative control was CMHB with-

out bacteria added. Normalized bacteria density was examined similarly for film coated

substrates that were repeatedly challenged with fresh S. aureus at 105 CFU/mL in its log-

arithmic growth phase every 24 hours. Substrates were removed from the 12-well plates

every 24 hours, rinsed with 1 mL of 1× PBS twice and incubated with fresh bacteria if no

bacterial growth was apparent. This repeated exposure was continued until normalized bac-

teria growth greater than 0 was observed. Film incubation solutions were stored at -20◦C

prior to PLL quantification. Due to interference from CMHB, TNBSA was not utilized
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to directly quantify PLL in these incubation solutions. Instead, a modified microdilution

assay was utilized as described in Section 2.4.1. These incubation solutions were serially

diluted with CMHB and the number of dilutions to reach the MIC range were compared to

the MIC of non-film incorporated PLL30, PLL90, or PLL400 to calculate the potential lower

and upper range of PLL release in these film-CMHB incubation solutions.

Examining Bacteria Attachment Inhibition on (PLL/HA)50 Films

The ability of the (PLL/HA)50 films to inhibit the attachment of S. aureus was exam-

ined using film coated glass substrates and comparing to uncoated glass. Substrates were

sterilized via exposure to ultraviolet light in a Nuaire Class II Type A2 biosafety cabinet for

15 minutes per side, placed in 6-well plates, and incubated with 2.5 mL of 106 CFU/mL S.

aureus in its logarithmic growth phase. After 2 hours at 37◦C without shaking, substrates

were rinsed with 2 mL of 1× PBS twice and either examined via a LIVE/DEAD BacLight

Bacterial Viability Kit or placed coating side facedown onto agar plates (CMHB agar with

5% v/v sheep’s blood). For the agar plate assay, the presence of bacterial colonies was ex-

amined after 16 to 18 hours incubation at 37◦C, indicating bacteria attachment and growth,

via a Canon PowerShot s110 digital camera. For substrates examined via a LIVE/DEAD

assay, samples were incubated for 15 to 30 minutes with the LIVE/DEAD dye mixture

(15 µL of component A and B per 1 mL 1× PBS). These substrates were imaged with a

Nikon TiE inverted fluorescence microscope using a 470/40 excitation and 525/50 emission

(FITC) filter for live cells and a 545/30 excitation and 620/60 emission (TRITC) filter for

dead cells with a Plan Fluor 10×/0.3 objective. 10 images per substrate were taken, with 3

to 6 repeats per coated substrate type, and 15 repeats for uncoated substrates. CellProfilerTM

was used to quantify the average surface area covered by bacteria per field of view. Percent

area covered with live or dead cells was normalized to the percent area covered with live or

dead cells on uncoated glass controls.
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3.3.4 Examining (PLL/HA)50 Films Cytocompatibility

Cytocompatibility of (PLL/HA)50 film release components was measured for NIH 3T3

murine fibroblasts. NIH 3T3 cells were cultured in DMEM (containing 4 mM L-glutamine,

4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate) with 10%

calf bovine serum and 1% penicillin-streptomycin at 37◦C and 5% CO2. Film coated and

uncoated silicon substrates were incubated in 1 mL of DMEM at 37◦C in 5% CO2 for 24

hours. Subsequently, 100 µL of these incubation solutions or solutions in which non-film

incorporated HA (1000 µg/mL) or PLL (32, 16, and 32 µg/mL for PLL30, PLL90, and

PLL400, respectively) were dissolved were incubated with NIH 3T3 cells seeded in tissue

cultured treated 96-well plates at 104 cells/cm2 for 24 hours at 37◦C. Cell viability was

measured using CCK8 following the vendor’s protocol. Briefly, incubation solutions were

removed and 150 µL of CCK8 reagent was added. After two hours of incubation at 37◦C,

absorbance at 450 nm was measured using a BioTek R© Cytation 3 plate reader. Normalized

cell viability was calculated using Equation 3.3. Positive controls of cells grown in DMEM

and negative controls lacking cells were included.

Normalized cell viability =
sample abs − negative control abs

positive control abs − negative control abs
(3.3)

3.3.5 Statistical Analysis

Results are reported as means ± standard deviations. All experiments were repeated

with three or more samples. Statistical significance was calculated using one-way and two-

way analysis of variance (ANOVA; α = 0.05) with Tukey’s post-hoc analysis on GraphPad

PRISMTM or MATLABTM; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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MIC against S. aureusa

Label DPn
b Mn

b PDIb µg/mL µM

PLL10 10 2.1 n/a 64 30.5
PLL30 33 6.9 1.02 8 1.2
PLL90 91 19 1.07 8 0.4
PLL400 407 85.1 1.02 16 0.2
a MIC Minimum inhibitory concentration against S. aureus 25923.
b DPn Number average degree of polymerization, measured by NMR. Mn Number average molecular
weight in kDa, measured by NMR. PDI Polydispersity index, measured by GPC. All polymer specifica-
tions reported by manufacturer.

Table 3.1: PLL specifications and antibacterial efficacy in solution

3.4 Results

3.4.1 Effect of Molecular Weight on PLL MIC

Here we used PLL with varying number of RUs (10, 33, 91, and 407) denoted as PLL10,

PLL30, PLL90, and PLL400, respectively, to assemble (PLL/HA)n multilayer films as shown

in Figure 3.1(A). Prior to film incorporation, we investigated the antibacterial activity of

non-film incorporated PLL by determining the MIC of these specific PLL MWs against

S. aureus. We found that the MIC of PLL/textsuperscript10, PLL30, PLL90, and PLL400

against S. aureus was 64.0, 8.0, 8.0 and 16.0 µg/mL (i.e., 30.5, 1.2, 0.4, and 0.2 µM,

respectively). Table 1 summarizes PLL RU, MW, PDI, and MIC. We also confirmed that

HA had no inhibitory effect against S. aureus up to at least 1000 µg/mL; therefore, any

antibacterial activity reported in our studies is attributed to PLL.
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Figure 3.1: (PLL/HA)n film thickness and PLL loading. A) Schematic of (PLL/HA)n mul-
tilayer coatings and potential mechanisms of antibacterial activity. B) Average film thick-
ness versus number of bilayers (n) for (PLL/HA)n films assembled using PLL30, PLL90, or
PLL400 normalized to average film thickness of (PLL/HA)50 (n = 3 repeats). Inset zooms in
on average film thicknesses for n = 5, 10, 15, and 20 bilayers. Note, average thickness of
PLL30 films with n = 5 and 10 bilayers was not measurable. C) Thickness of (PLL/HA)50

films (solid bars, left axis; n = 12 repeats) and total amount of PLL incorporated in these
films (striped bars, right axis; n = 3 repeats). Results are shown as mean ± standard devia-
tion. Statistical significance was examined using two-way ANOVA with Tukey’s post-hoc
analysis; * p < 0.05; ** p < 0.01, *** p < 0.001; **** p < 0.0001.
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Film characteristics PLL30 PLL90 PLL400

Total dry thickness (nm) 1233±216 3585±64 4002±103
Total PLL loading (µg) 90±5 512±34 657±43
PLL/nm thickness (ng/nm) 73±4 143±9 164±11
Total hydrated thickness (µm) 4.6±1.0 16.2±7.3 21.2±1.4

Table 3.2: (PLL/HA)50 Film Thickness and PLL Loading Based on PLL MW

3.4.2 Investigating (PLL/HA)50 Multilayer Film Physical Properties

(PLL/HA)n Film Assembly and PLL Loading

To investigate the influence of PLL MW on multilayer film antibacterial efficacy, we

assembled (PLL/HA)n films with PLL30, PLL90, and PLL400. Attempts at assembling

(PLL/HA)n films utilizing PLL/textsuperscript10 did not result in film growth, likely due

to severe MW mismatch between PLL and HA (2.1 kDa versus 1.65 MDa), which has

previously been shown to hinder film buildup.138 We monitored film growth with increas-

ing number of bilayers, as shown in Figure 3.1(B), and observed exponential film growth,

characteristic of (PLL/HA) films.257,258,268 (PLL/HA)50 films built with PLL30 resulted in

an average thickness of 1233 ± 216 nm, significantly thinner than the 3585 ± 64 nm and

4001 ± 103 nm thickness observed for PLL90 and PLL400 films, respectively (Fig. 3.1(C)).

(PLL/HA)50 films had a large swelling capacity as observed by CLSM imaging of PLLF

incubated films. Percent swelling of initially dry films in 1× PBS was found to be approx-

imately 430 ± 36%, 349 ± 204%, and 281 ± 99% for PLL400, PLL90, and PLL30 films,

respectively.

In order to quantify the total amount of PLL contained in these 50 bilayer films, the

films were completely degraded using HAse, an enzyme which degrades the HA polysac-

charide into oligosaccharides,204 followed by quantification of the PLL amino groups. In-

cubating films in HAse led to complete film disassembly. The amount of PLL loaded in
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the different films was proportional to the difference in film thickness between PLL MWs.

PLL30, PLL90, and PLL400 (PLL/HA)50 films contained approximately 90 ± 5, 512 ± 34,

and 657 ± 43 µg of PLL, respectively (Fig. 3.1(C)). Table 2 summarizes (PLL/HA)50

thickness and PLL loading characteristics.

Effect of PLL MW on PLL Mobility Within (PLL/HA)50 Films

To characterize the diffusion of PLL at the specific MWs explored in this work, we first

conjugated fluorescein to the three different PLLs, yielding PLL30F, PLL90F, and PLL400F.

Using SEC, PLL was detected using refractive index but showed no absorbance at 492

nm. After fluorescein conjugation, an absorbance signal was detected at the aforemen-

tioned wavelength indicating successful tethering to PLL (data not shown). SEC also

confirmed successful purification of the PLLF product by removal of non-conjugated flu-

orescein using a dye removal column. PLLF was either deposited on top of the 50 bi-

layer films, denoted (PLL/HA)50-PLLF, or embedded within the films during film as-

sembly, denoted (PLL/HA)25-(PLLF/HA)-(PLL/HA)24. We then examined these films us-

ing CLSM. Rendered cross sectional images show that PLL30F and PLL90F were able to

diffuse throughout the entirety of the film for both (PLL/HA)50-PLLF and (PLL/HA)25-

(PLLF/HA)-(PLL/HA)24 (Fig. 3.2(A)). We noted that the fluorescence intensity was lower

for (PLL/HA)25-(PLLF/HA)-(PLL/HA)24 than films capped with PLLF, possibly due to

PLLF exchange with non-fluorescent PLL during film assembly. For the PLL400F capped

film, PLL400F remained primarily in the top portion of the film and did not diffuse consid-

erably into the lower layers (Fig. 3.2A). When incorporated mid-film assembly, PLL400F

remained primarily in the center of the film, appearing as a bright fluorescent band (Fig.

3.2A). Z-profiles of the fluorescence intensity for both (PLL/HA)50-PLLF (Fig. 3.2B) and

(PLL/HA)25-(PLLF/HA)-(PLL/HA)24 films (Fig. 3.2C) showed PLL30F and PLL90F homo-

geneously distributed throughout the entire thickness of the film, while PLL400F is observed
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Figure 3.2: Examining PLL mobility within (PLL/HA)50 films. CLSM and FRAP ex-
periments. A) Representative cross-sectional CLSM images of (PLL/HA)50-PLLF (top)
and (PLL/HA)25-(PLL/textsuperscriptF/HA)-(PLL/HA)24 films (bottom) assembled with
PLL30, PLL90, or PLL400 (left to right). Green indicates PLLF and red indicates the
glass substrate. The scale bar represents 10 µm. Normalized average fluorescence in-
tensity across film z-profiles in (B) (PLL/HA)50-PLLF and (C) (PLL/HA)25-(PLLF/HA)-
(PLL/HA)24 films. Dotted lines indicate the bottom of the film (i.e., the glass substrate at
a normalized distance of 0) and the top of the film (i.e., at a normalized distance of 1). D)
Recovery of fluorescence in a photobleached area in (PLL/HA)50-PLLF films assembled
with PLL30, PLL90, or PLL400 tracked over time. Average fluorescence intensity is normal-
ized to the initial fluorescence before bleaching. Time = 0 corresponds to the end of the
photobleaching step. At least 2 FRAP experiments were conducted per substrate, with 3
repeats per condition. CLSM images and intensity z-profiles are representative of at least 3
imaged substrates.
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Figure 3.3: (PLL/HA)50 film stability over time in bacteria media. Dry thickness of films
assembled using PLL30, PLL90, or PLL400 over time incubated in CMHB at 37◦C. Results
are shown as mean ± standard deviation. Symbols indicate the first timepoint that change
in dry film thickness was observed to be significantly different from the first day based on
one-way ANOVA and Tukey’s post-hoc analysis; p < 0.0001; n = 3 – 6.

at either the surface or centered in the film depending on the deposition method. FRAP

experiments showed a much slower fluorescence recovery for photobleached regions of

(PLL/HA)50-PLLF films assembled with PLL400 compared to PLL30 and PLL90, indicating

a significantly lower mobility of PLL400 compared to PLL30 and PLL90.

Effect of PLL MW on (PLL/HA)50 Film Stability

(PLL/HA)50 Film Dissolution in Bacterial Media

We monitored the change in dry film thickness of (PLL/HA)50 films incubated in

CMHB over time as shown in Figure 3.3. PLL30 films underwent a gradual and rela-

tively linear dissolution over five days. In contrast, PLL90 films remained stable over 10

days, following which film thickness began decreasing. The thickness of these films fell

to approximately 10% of the original thickness by approximately 15 days. At this point, it
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was difficult to accurately measure remaining film thickness on subsequent days. On the

other hand, PLL400 films remained stable over at least 16 days, with no change in dry film

thickness observed.

(PLL/HA)50 Film Enzymatic Degradation and PLL Release

To test the responsiveness to HAse and the subsequent release of PLL, (PLL/HA)50

films were incubated with different concentrations of HAse in 1× PBS, pH 7.4 at 37◦C.

Higher HAse concentrations caused faster degradation of the films, as observed by mon-

itoring dry film thickness (Fig. 3.4, A-C). PLL MW also affected the rate of degradation

with films built with lower MW PLL degrading more quickly; 10 U/mL HAse degraded

PLL30, PLL90, and PLL400 films completely within 3, 4, and 5 hours, respectively. We also

observed that PLL90 and PLL400 films did not degrade in the lowest concentration of HAse

tested (2.5 U/mL) within the timeframes we examined. PLL release was also quantified by

measuring primary amines in solution via their interaction with TNBSA. The amount of

PLL released as the films degraded was concomitant with decrease in film thickness (Fig.

3.4, D-F), suggesting that PLL is present throughout the film, and is released as the film

degrades. As expected, for PLL90 and PLL400, there was negligible PLL release with the

lowest HAse concentration.

3.4.3 Evaluating Antibacterial Properties of (PLL/HA)50 Films

Antibacterial Efficacy of (PLL/HA)50 Films Against Planktonic Bacteria

We tested the efficacy of (PLL/HA)50 coated substrates in inhibiting planktonic bacte-

rial growth for films assembled using PLL30, PLL90, and PLL400. We examined activity

against gram-positive bacteria, S. aureus and MRSA, as well as gram-negative bacteria, E.
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Figure 3.4: Film degradation and PLL release in response to HAse. (PLL/HA)50 films
assembled with PLL30 (A, D), PLL90 (B, E), or PLL400 (C, F) incubated in 1× PBS (0
U/mL) or different concentrations of HAse (2.5, 5, or 10 U/mL) at 37◦C over time. (A-C)
Percent dry film thickness remaining normalized to the initial dry film thickness and (D-F)
percent PLL released normalized to total PLL loading over time. Results are shown as
mean ± standard deviation. Statistical significance between different HAse concentrations
and time points was examined using two-way ANOVA and Tukey’s post-hoc analysis. Sig-
nificance between HAse concentrations at the last time points are shown; * p < 0.05, ***
p < 0.001; **** p < 0.0001; n = 3.

71



Figure 3.5: Planktonic bacterial growth inhibition. Bacterial density was measured af-
ter (PLL/HA)50 coated or uncoated substrates were incubated in gram-positive S. aureus
and MRSA and gram-negative E. coli and P. aeruginosa for 24 hours and normalized to
uncoated substrates. Results are shown as mean ± standard deviation; n = 3.

coli and P. aeruginosa by quantifying optical density of bacterial suspensions incubated

with (PLL/HA)50 films for 24 hours at 37◦C. The normalized bacterial growth inhibition

is shown in Figure 3.5. We observed that (PLL/HA)50 films completely inhibited bacterial

growth (>99.8% inhibition) for all four bacterial strains at all three PLL MWs tested. Next,

we investigated the possibility of repeated usage of these coatings against S. aureus. Every

24 hours, if the coatings were successful in inhibiting bacterial growth, they were rinsed

and challenged with a fresh inoculum of S. aureus. We observed a PLL MW dependence

on antibacterial efficacy for repeated (PLL/HA)50 use. Figure 3.6A represents this informa-

tion as a survival curve of (PLL/HA)50 films, showing the percentage of coated substrates

still effective at completely inhibiting S. aureus after each repeated bacterial exposure. For

all films tested, PLL400 films were only effective for a single use, while PLL30 and PLL90

films could be effectively utilized for 4 to 5 and 9 to 13 uses, respectively.

We also quantified PLL in the (PLL/HA)50 bacteria incubation solutions collected dur-

ing repeated bacterial exposure for repeats in which the films were effective against S.

aureus. It was expected that PLL concentration would be at or above the MIC range of

the PLL MW incorporated in the film against S. aureus. Due to interference from CMHB,

direct quantification of PLL as we had done when examining PLL release in the presence
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Figure 3.6: Planktonic bacterial growth inhibition upon repeated bacterial exposures. A)
Percent of (PLL/HA)50 films that remained effective at completely inhibiting the growth of
S. aureus upon repeated exposure to fresh S. aureus inocula every 24 hours. B) Concen-
tration of PLL released from (PLL/HA)50 films into incubation solutions during repeated
bacterial exposures. Minimum concentration is represented as a solid bar and the possible
upper range is shown as a shaded bar. Empty bars indicate no bacterial inhibition was ob-
served. Horizontal dashed lines indicate the MIC for each PLL MW. Inset zooms in on the
release from PLL90 and PLL400 films. Experiments were conducted on 6 repeats.

of HAse, was not possible. Instead, we utilized a microdilution assay approach in which

the film incubation solution was serially diluted 1:2 with fresh media and exposed to S.

aureus. We determined how many dilutions were needed to observe a transition from com-

plete S. aureus growth inhibition to a lack of complete inhibition (i.e., the MIC of PLL

against S. aureus). Using the PLL30, PLL90, and PLL400 MIC ranges we had determined

against S. aureus (as summarized in Table 1) and the number of dilutions of film incuba-

tion solutions required to reach the MIC range, we determined the amount of PLL present

in the (PLL/HA)50 bacteria incubation solutions. As a validation of the method, we com-

pared TNBSA quantification of PLL90 in HAse film degradation in PBS to a microdilution

assay of the same solution and found that the measured PLL concentration range agreed

with the TNBSA results (Fig. 3.10). Figure 3.6B shows the PLL release concentration in

(PLL/HA)50 film-S. aureus incubation solutions over repeated 24-hour exposures. As the

MIC is a range, the release quantity is also shown as a range lying between the possible

lowest (solid bar) and highest (shaded bar) concentrations of PLL released during that sub-

strate use. Note, empty bars are shown for samples that did not lead to any bacterial growth
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inhibition when tested in the microdilution assay. The released PLL concentrations are gen-

erally at or above MIC in samples where films were observed to be effective. For example,

PLL30 films showed a PLL release above the PLL30 MIC against S. aureus at 1 and 3 re-

peated uses, over which we had observed all tested substrates to be effective at completely

inhibiting S. aureus growth (Fig. 3.6A). Similarly, PLL400 concentrations were at or above

the PLL400 MIC against S. aureus at one use. PLL90 films were generally more variable,

showing at or above PLL90 MIC release for some of the effective incubation solutions but

not others. For example, incubation solutions from the 3rd and 5th repeated use showed

PLL90 concentrations below the MIC. These results suggest that the method of measuring

PLL release may have some discrepancies or that additional modes of antibacterial activity

in addition to released PLL activity may be at play, including contact killing through the

interaction of bacteria with PLL at the interface of the (PLL/HA)50 coatings.

Bacterial Anti-Attachment Efficacy of (PLL/HA)50 Films

Given its importance in preventing biofilm formation, the ability of (PLL/HA)50 films

to inhibit bacterial attachment was also examined. We incubated (PLL/HA)50 coated glass

substrates with S. aureus for two hours for films formulated with PLL30, PLL90, and PLL400.

The substrates were then either stained with LIVE/DEAD dyes to quantify attached bac-

teria, or plated coating side facedown onto agar for 18 hours to examine growth of poten-

tially attached bacteria. Figure 3.7A shows representative images of LIVE/DEAD staining

of glass versus (PLL/HA)50 coated glass incubated with S. aureus. Figure 3.7B reports the

percent of surface covered by live bacteria normalized to uncoated glass substrates. PLL30,

PLL90, and PLL400 coatings reduced attachment by live bacteria by 85 ± 3%, 74 ± 5%,

and 83 ± 4%, respectively, relative to uncoated glass. We also observed an increase in

dead bacteria on the (PLL/HA)50 surface relative to uncoated glass (approximately 2 to 3

times larger area covered by dead bacteria). Overall, a large decrease in total bacteria at-
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Figure 3.7: Bacterial attachment to (PLL/HA)50 coated and uncoated substrates. A)
Representative images of LIVE/DEAD staining of adherent S. aureus on uncoated and
(PLL/HA)50 coated glass. B) Percent area covered with live bacteria normalized to percent
area of uncoated glass with live bacteria attached. C) Images of (PLL/HA)50 coated glass
and uncoated glass after a 2 hour incubation in S. aureus followed by rinsing and plating
coating side down onto CMHB agar for 18 hours. D) Percent area covered with live bacte-
ria normalized to percent area of uncoated glass with live bacteria attached for PLL400 film
coated glass preconditioned or not in PBS or media for 24 or 48 hours. Scale bar represents
200 µm. Results are shown as mean ± standard deviation. Statistical significance was
examined using one-way ANOVA and Tukey’s post-hoc analysis; ** p < 0.01; **** p <
0.0001; n = 3 – 6 for film coated glass, n = 15 for uncoated glass. Images of substrates on
agar are representatives of at least 3 repeats.
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tached compared to uncoated glass (72 ± 7%, 60 ± 7%, 62 ± 6% reduction for PLL30,

PLL90, and PLL400 coatings, respectively) was observed. Examining substrates incubated

on agar upon exposure to S. aureus, we observed that bacteria were unable to grow on the

(PLL/HA)50 coated portion of the glass at all PLL MWs (Fig. 3.7C). In contrast, bacterial

growth was observed on uncoated regions of the film coated substrates, albeit to a lesser

degree than plain glass. As PLL400 films were only able to inhibit planktonic bacteria

growth once, we examined whether they were able to reduce bacterial attachment beyond

one use. For this study, we tested the attachment of S. aureus to PLL400 coatings that had

been preconditioned in bacteria media for 24 or 48 hours, at which point we had observed

them to be unable to inhibit planktonic S. aureus growth (Fig. 3.6). As shown in Figure

3.7D, LIVE/DEAD staining indicated that the coatings were not as effective in inhibiting

bacteria attachment as non-preconditioned films, showing only an 18 ± 12% and 31 ±

13% reduction in live bacteria attachment on coatings preconditioned for 24 and 48 hours,

respectively. In contrast, when PLL400 coatings were preconditioned in 1× PBS instead

of bacteria media for 24 and 48 hours, LIVE/DEAD staining showed a reduction in live

bacteria attachment similar to what was observed with non-preconditioned films (80 ± 3%

and 71 ± 5% reduction by coatings preconditioned for 24 and 48 hours, respectively).

Investigating (PLL/HA)50 Film Cytocompatibility

The cytocompatibility of (PLL/HA)50 films assembled with PLL30, PLL90, and PLL400

was tested using NIH 3T3 fibroblasts. NIH 3T3 cells were cultured in media in which

these films or uncoated controls had been incubated for 24 hours. The effect of the re-

lease solution on cell viability was observed using a CCK8 assay. Figure 3.8 shows NIH

3T3 viability normalized to cells cultured in untreated growth media. Release media from

PLL30 and PLL90 films as well as uncoated controls did not reduce cell viability compared

to untreated growth media. However, the release media from PLL400 films were highly
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Figure 3.8: Fibroblast cytocompatibility with (PLL/HA)50 film release components. Vi-
ability of NIH 3T3 cells incubated for 24 hours with media in which (PLL/HA)50 coated
silicon substrates were incubated for 24 hours or with solutions of HA or PLL. Viability
and statistical significance is shown relative to untreated cells. Statistical significance was
examined using one-way ANOVA and Tukey’s post-hoc analysis; **** p < 0.0001; n = 3.

cytotoxic, completely reducing viability. To confirm this reduction in cell viability was due

to PLL released into the solution, we examined the cytotoxicity of non-film incorporated

PLL400 and HA (Fig. 3.8). NIH 3T3 cells were cultured in media containing HA dissolved

at film assembly concentrations (1 mg/mL) or PLL400 at the maximum PLL release con-

centration estimated from bacterial growth inhibition experiments (i.e., 32 µg/mL). PLL30

and PLL90 were similarly examined for their effect on NIH 3T3 cells at the maximum esti-

mated concentration from repeated use studies (32 and 16 µg/mL, respectively) (Fig. 3.8).

No statistical difference between NIH 3T3 viability was observed for non-film incorporated

HA, PLL30, and PLL90 compared to untreated growth media. PLL400 at a concentration of

32 µg/mL, significantly reduced normalized viability to 16 ± 3%.
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3.5 Discussion

Antibacterial polymers have great potential to be utilized in antibacterial coatings for

the prevention and treatment of nosocomial infections. These coatings can function in sev-

eral different ways to prevent bacterial attachment and/or kill planktonic or surface-attached

bacteria, including contact killing and release-based killing or other physicochemical inter-

actions that prevent attachment (Fig. 3.1A).27,234,269,270 In this work, we explored the prop-

erties of coatings developed using a promising antibacterial polymer, PLL, incorporated in

LbL assembled films along with a biocompatible polyanion, HA. We examined the effect of

PLL MW on the antibacterial properties of these (PLL/HA)50 multilayer films. To the best

of our knowledge this is the first study that performs a systematic investigation of the effect

of PLL MW on antibacterial properties in multilayer films. PLL has been shown to have

antibacterial activity against a range of gram-positive and gram-negative bacteria.242–245,271

The antibacterial effect of PLL has been attributed to its disorganization of the outer bacte-

rial cell membrane by releasing lipopolysaccharides.271,272 In our studies, we utilized PLL

of varying but uniform MW (PLL10, PLL30, PLL90, and PLL400). We found that non-film

incorporated PLL showed an initial decrease in MIC against S. aureus as the MW increased

between PLL/textsuperscript10 and PLL30, indicating improved antibacterial efficacy with

the higher MW PLL (Table 1). This observation is similar to previous reports on the an-

tibacterial properties of ε-PLL, a homopolymer produced by bacteria and used as a food

preservative; ε-PLL requires a minimum of 10 RU to exhibit antibacterial activity against

E.f coli.244 With PLL30 and higher MWs, we observed a similarity in the µg/mL MIC

but decrease in µM MIC, indicating that the number of protonated amino groups (NH3+)

on the PLL backbone is the key determinant of antibacterial activity and the same effect

can be achieved with a lower number of molecules of longer polymer chains. However,

the antibacterial activity decreased for PLL400. Structure-activity relationship studies have

shown that some antibacterial polycations, including guanidinylated polycarbonates (8 to
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30 kDa)273 and guanylated polymethacrylates (3 to 20 kDa),274 are more effective at lower

than higher MW. This difference has been attributed to the sieving effect of the bacterial

membrane, reducing the ability of larger polymers to penetrate the membrane.275 It is likely

that PLL400 is similarly unable to effectively penetrate the bacterial cell wall. When consid-

ering (PLL/HA)n LbL films, PLL MW could affect several different factors including film

growth, stability, and polymer mobility within the film. All of these factors, in addition to

PLL MIC, are capable of influencing the antibacterial functionality of (PLL/HA)n multi-

layer films. Therefore, we investigated the impact of PLL MW on the film physiochemical

properties. (PLL/HA)n films have previously been shown to exhibit exponential growth,

due to the ability of PLL to diffuse within the film,257,258,268 followed by a transition to a

linear growth regime after a certain number of layers.139,276 The specific MWs of PLL and

HA utilized in this work, led to similar growth behavior (Fig. 3.1B). Influence of polyelec-

trolyte MW on film final thickness has been attributed to the crossover to the exponential

growth regime,Kujawa2005 and has shown to also affect the onset of the linear regime,139

which both happen at a lower number of layers with higher MW polymers. PLL30, PLL90,

and PLL400 films transitioned to the linear phase of growth at approximately 30, 20, and

10 bilayers, respectively. The differences in growth behavior led to large differences in the

final thickness and PLL loading of (PLL/HA)50 films, with films assembled using PLL90

and PLL400 being approximately 3 times thicker and containing 6 to 7 times more PLL,

respectively, than PLL30 films (Table 2 and Fig. 3.1C). In the case of PLL30, the significant

difference in MW between PLL and HA may have led to slower film growth due to “strip-

ping off” of PLL30 when the growing film was exposed to HA during film assembly.138

Gram-positive bacteria, S. aureus and MRSA, as well as gram-negative bacteria, E. coli

and P. aeruginosa, are among the most common pathogens encountered in medical device-

associated infections.37,236,277–280 (PLL/HA)50 coatings assembled from all three PLL MWs

examined successfully inhibited planktonic bacterial growth for each of these bacteria over

24 hours (Fig. 3.5); these films are highly promising for use as device coatings. In certain
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clinical scenarios including recurrent infections,281 bacterial growth inhibition is required

over extended time periods upon multiple exposures. Therefore, we tested repeated usage

of the coatings in inhibiting S. aureus growth, and interestingly, large differences appeared

between films assembled with different MW PLL. While PLL400 coatings were only effec-

tive at inhibiting bacterial growth for one 24-hour use, PLL30 and PLL90 coatings could be

used repeatedly multiple times (Fig. 3.6A). In order to elucidate the mechanism of bac-

terial growth inhibition and understand the differences in the repeated use efficacy of the

different PLL MW assemblies, we measured the concentration of PLL released into bacte-

ria solutions incubated with these films. We found that PLL was generally released at high

enough concentrations to inhibit bacterial growth (Fig. 3.6B), suggesting that PLL release

plays an important role in bacterial growth inhibition over repeated exposures.

We hypothesized that the large differences observed in the number of effective repeated

uses for PLL30, PLL90, and PLL400 films is due to the reduced mobility of higher MW PLL

within the (PLL/HA)50 films. This effect of MW has been reported for weak polycations

that diffuse within LbL films, including PLL in (PLL/HA) films fabricated at MWs differ-

ent from those examined in this work139 and chitosan in (chitosan/HA) films.282 Within the

24-hour bacteria-film incubation periods, higher amounts of PLL were released from films

with lower MW PLL (Fig. 3.6B), supporting our hypothesis. PLL400 films released be-

tween 16 to 32 µg of PLL within the first incubation of the films with S. aureus before they

lost efficacy. However, this amount of PLL is equivalent to only approximately 2.5 to 5%

of the total PLL400 load within the (PLL/HA)50 films, indicating that a large amount of PLL

remains entrapped within the film. We used CLSM along with FRAP to more directly ex-

amine the mobility of fluorescein-tagged PLL within (PLL/HA)50 (Fig. 3.2). As expected,

PLL30F was found to be the most mobile within a PLL30 film, followed closely by PLL90F

in PLL90 films. PLL400F was the least mobile, diffusing through only approximately 16% of

the film thickness when added to the top of the PLL400 film (i.e., (PLL/HA)50-PLLF). These

findings suggest that “loosely bound” mobile PLL400 is only present in the upper portion of
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the film. This stratification has been attributed to the formation of a “non-diffusive zone”

below the upper “diffusion zone” during film buildup and restructuring,134,276,283 and has

been demonstrated for high MW PLL in (PLL/HA) multilayer films.139 We hypothesize

that once all of the mobile PLL in the upper portion of PLL400 films has been released

(within the first 24-hour use of the film), there is a lack of mobile PLL that can be released

into the solution at high enough concentrations during subsequent bacterial exposures, lim-

iting the use of PLL400 films in inhibiting planktonic bacterial growth to one 24-hour use.

In contrast, PLL30 and PLL90 films have a reservoir of mobile PLL throughout a much

larger portion of the film, resulting in longer-term PLL release, allowing repeated uses for

effective bacterial growth inhibition.

The number of effective repeated uses of (PLL/HA)50 films can also be impacted by

film stability over time. Film swelling, ion exchange, mobility of film components,136,176

and potential interactions with proteins and cells could result in gradual destabilization of

the films;284 and the rate of dissolution has been shown to be influenced by polyelectrolyte

MW.285 Studies have shown that (PLL/HA) films formulated with 40 to 60 kDa PLL and

64 kDa HA dissolved in approximately 16 days in 1× PBS,286 while (PLL/HA) multilay-

ers built with 30 kDa PLL but higher MW HA (400 kDa) were stable in sodium chloride

solution for several months and for at least two weeks in contact with cells and culture

media.287 For PLL30 and PLL90 films, the number of effectives uses correlated with the

film stability in media (Fig. 3.3). PLL30 films completely eroded over 5 days, consistent

with their loss in efficacy following the fourth to fifth use (corresponding to 4 to 5 days).

The thickness of PLL90 films began to decrease significantly around day 10, also around

the time when some films began to lose efficacy in inhibiting bacterial growth upon re-

peated exposure. Interestingly, the thickness of PLL400 films remained highly stable over

time, with no significant change in thickness detected by the second day, which is when

PLL400 films are no longer able to inhibit planktonic bacterial growth. The lack of efficacy

of the higher MW PLL films following the first bacterial exposure is thus not influenced
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by loss in film stability, but primarily to lack of PLL400 release or diffusion to the film’s

surface following the first use. Film stability in the presence of HAse was also exam-

ined. HAses are commonly produced by different bacteria strains, and believed to be a

virulence factor that allows host tissue penetration.205,288–290 The HAse film degradation

was dose dependent and PLL MW dependent. Faster degradation and consequently PLL

release resulted with higher HAse concentrations and lower MW PLL films (Fig. 3.4).

HAse triggers have been used to develop bacteria responsive antibacterial systems includ-

ing HA nanocapsules containing polyhexanide,291 HA-gentamicin conjugates multilayered

with montmoillonite,292 and HA-antimicrobial peptide conjugates layered with chitosan.293

The films developed here may also respond specifically to the presence of HAse producing

virulent bacteria, degrading and releasing higher concentrations of PLL faster than via dif-

fusion alone. In addition to eliminating planktonic bacteria, inhibition of bacterial attach-

ment on surfaces is critical in preventing the formation of bacterial biofilms. These com-

plex surface-attached three-dimensional bacterial structures are very difficult to treat.37,228

We observed that (PLL/HA)50 coatings formulated with all three PLL MWs, reduced S.

aureus attachment by approximately 60 to 70% compared to uncoated surfaces according

to LIVE/DEAD staining. Attached bacteria were unable to grow further on these surfaces

when incubated on agar for 18 hours (Fig. 7A-C). The significant reduction in bacterial at-

tachment could be attributed to multiple factors including film hydration and elasticity. The

significant hydration of HA-containing multilayers has been shown to repel mammalian

cells and proteins important for cell attachment.294–297 The gel-like characteristics of HA

containing coatings provides high elasticity,297 and multiple studies have shown that sub-

strate elasticity also plays an important role in bacteria attachment. Tuning the stiffness of

poly(ethylene glycol) hydrogels298,299 and poly(dimethylsiloxane) hydrogels300 has shown

that fewer bacteria adhere on softer substrates. Less bacteria were also found to adhere to

softer (poly(acrylic acid)/poly(allylamine hydrochloride)) LbL films.301 The (PLL/HA)50

films developed in this work all demonstrated high degrees of swelling (Table 2); the hy-
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drophilicity of these surfaces may contribute to reducing bacterial attachment. Surface

charge can also influence bacterial attachment. Lower bacteria attachment on negatively

charged LbL film surfaces compared to positively charged surfaces has previously been

reported,302 and attributed to repulsion between the negatively charged surface and the neg-

ative potential of the bacterial cell wall.303 However, it has also been noted that positively

charged surfaces can attract bacteria,254,304 followed by a bactericidal effect through inter-

action with and disruption of the bacterial membrane.305 This can lead to attached bacteria

that are dead on the surface.302 Indeed, we observed that dead bacteria accounted for ap-

proximately 40 to 60% of the total bacteria attached on the (PLL/HA)50 coatings compared

to 7% on uncoated glass (Fig. 3.11). Thus, HA may contribute to preventing bacterial

attachment by influencing (PLL/HA)50 film elasticity and potentially charge-based repul-

sion of bacteria, while PLL at the surface may attract bacteria, subsequently killing it for

all PLL MWs examined. The overall effect is a decrease in bacterial attachment on the

(PLL/HA)50 film coated surfaces and increase in death of surface attached bacteria com-

pared to uncoated surfaces.

Due to the high stability of (PLL/HA)50 films formulated with PLL400, we were inter-

ested in determining if these films had the ability to inhibit S. aureus attachment after being

in a hydrated environment for an extended amount of time. We investigated attachment

inhibition after preconditioning these coatings in bacteria media or 1× PBS for 24 and 48

hours. At 48 hours, in particular, we had shown that PLL400 films were not effective in

inhibiting planktonic bacterial growth. We found that these films reduced bacterial attach-

ment when they were preconditioned in 1× PBS but not in media (Fig. 3.7D). During pre-

conditioning in bacteria media, proteins and sugars present in the media (e.g., beef extract,

acid hydrosylate of casein, starch) could potentially adhere to the coatings, promoting bac-

terial attachment and masking attachment-inhibiting properties. This may also contribute

to the loss in repeated planktonic bacteria inhibition efficacy for PLL400 films observed fol-

lowing 1 day. As a preliminary investigation of the protein adsorption capabilities of these
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films, we incubated PLL30, PLL90, and PLL400 films with human plasma fibronectin fol-

lowed by fibronectin antibody staining for fluorescence imaging of the surface; these films

were compared with uncoated glass treated in the same way. We observed that PLL30 and

PLL90 films showed significantly lower fluorescence (approximately 20 to 30%) compared

to PLL400 films, which behaved similarly to uncoated glass (Fig. 3.12). The observed

fluorescence on PLL400 films may either be due to fibronectin adsorption on the surface

promoting antibody binding or direct antibody adsorption on the surface or a combina-

tion effect, as both are large proteins. Increased hydrophobicity can promote protein and

cell attachment. However, our static water contact angle measurements showed that PLL90

and PLL400 coatings were similarly more hydrophobic than PLL30 coatings (Fig. 3.9), yet

PLL400 appears more protein adhesive than PLL90. It is likely that the multivalent char-

acteristics of longer polymers (i.e., PLL400), in addition to the increased charge density in

PLL400 films, suggested by a higher ng PLL per nm film thickness (Table 2), could enhance

protein adsorption compared to lower MW PLL. In fact, PLL with approximately 150 to

700 RUs or longer, is widely used to commercially coat tissue culture plates to aid in pro-

tein and cell attachment. The cell adhesive nature of certain PLL MWs has enabled its use

in a variety of cell culture conditions. Hepatoyctes, fibroblasts, and embryonic stem cells

have been successfully co-cultured on PLL and HA patterned surfaces.241 Keratinocytes

have been cultured successfully on (PLL/HA)150.5 films.286 HA containing hydrogels and

coated surfaces are non-adhesive due to their high hydrophilicity, but incorporating PLL as

the last layer has been shown to aid cells in adhering.260,286 Despite their uses in cell cul-

ture, it is well known that polycations, including PLL, can be toxic to mammalian cells at

high MW306 and concentrations.175,307,308 Our results indicated that while NIH 3T3 fibrob-

lasts incubated in media exposed to PLL30 and PLL90 coatings remained similarly viable

to untreated controls, cells exposed to media incubated in PLL400 coatings over 24 hours

lost viability (Fig. 3.8). NIH 3T3 cells treated with non-film incorporated PLL400 at con-

centrations observed to release from (PLL/HA)50 films also had significantly lower cell
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viability. These results emphasize the importance of measuring the release concentration

of polycations incorporated in LbL films.

3.6 Conclusion

We have shown that the commonly studied (PLL/HA) multilayer films are inherently

antibacterial without any covalent modifications or addition of other antibacterial materi-

als. Overall, we observed that over a 24 hour period (PLL/HA)50 films assembled at all

three PLL MWs examined in this work (PLL30, PLL90, and PLL400) completely inhibited

the growth of both gram-positive and gram-negative bacteria. However, we demonstrated

that PLL MW dictates the number of times (PLL/HA)50 coatings can be effectively utilized

to inhibit planktonic bacterial growth upon repeated bacterial exposure. MW influences

mobility of PLL within these films, limiting the ability of high MW PLL400 to diffuse to

the film surface-bacteria interface or to be released from the films to kill surrounding bac-

teria. When PLL mobility within the film is not a limiting factor, the effect of PLL MW on

film stability can explain the differences we observed in number of effective repeated uses;

films assembled with PLL30 disintegrated and lost efficacy faster than those with higher

MW PLL90. All (PLL/HA)50 films were capable of significantly reducing bacterial attach-

ment compared to uncoated surfaces, critical in preventing biofilm formation. We found

that PLL400 films, even though highly hydrated, promoted protein adhesion, likely due to

PLL multivalency and cationic charge, which may contribute to its lack of repeated an-

tibacterial efficacy. Additionally, PLL400 released from (PLL/HA)50 films within 24 hours

was cytotoxic to fibroblasts while PLL30 and PLL90 released from their respective films did

not reduce cell viability. Therefore, there is a balance between polymer mobility, poly-

mer biocompatibility, coating stability, and other surface interaction properties that dictate

(PLL/HA) film antibacterial and anti-attachment properties and potential clinical use. The

versatility of polymers and LbL self-assembly allows the design and formulation of an-
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tibacterial coatings for varying needs. Potentially, films built with layers of different MW

PLL could provide advantages of both high and low MW PLL; high MW PLL could pro-

vide a more stable coating, while lower MW PLL could provide a larger reservoir of mobile

PLL that can diffuse out of the film to kill planktonic bacteria and interact with bacteria at

the surface to promote contact killing.
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3.8 Supporting Information

The supporting information consists of a description of the experimental procedures

for measuring film wettability and testing fibronectin adsorptions on film coated surfaces.

Results from contact angle measurements are included. Supporting information also in-

cludes figures reporting further characterization of (PLL/HA)50 films, which include water

contact angle measurements, fibronectin adhesion, and live and dead bacteria attachment.

Also included is a figure showing PLL concentration measured using both TNBSA and

microdilution assay as a comparison of the two methods.
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3.8.1 Methods

(PLL/HA)50 Film Wettability

Film wettability was examined using a contact angle goniometer and DROPimage CA

software (ramé-hart) to measure the static water contact angle on initially dry (PLL/HA)50

coated glass using the sessile drop method. Images were taken immediately after the

droplet was deposited onto the substrates to avoid film water absorption effects. At least

four individual 2 µL droplets of water were imaged on a given film.

Examining Protein Adsorption on (PLL/HA)50 Films

(PLL/HA)50 coated glass and uncoated glass slides were incubated with 25 µg/mL fi-

bronectin in 1× PBS, pH 7.4 for 2 hours. They were rinsed twice with 1× PBS before

they were blocked with 10% v/v NGS (in 1× PBS) for 20 minutes at 25◦C, rinsed in 1×

PBS, and stained with rabbit anti-fibronectin antibody (1:100 in 1% NGS) overnight at

4◦C. Substrates were then incubated with Alexa Fluor 594 goat anti-rabbit IgG secondary

antibody (1:100 in 1× PBS) for 1.5 hours at 25◦C, rinsed in 1× PBS, and imaged with a

Nikon TiE inverted fluorescence microscope using a Plan Fluor 10×/0.30 objective and a

545/30 excitation and 620/60 emission tetramethylrhodamine (TRITC) filter. Ten images

were taken per substrate, with three repeats per condition. Mean fluorescence intensity per

field of view was calculated using CellProfilerTM.
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3.8.2 Results

(PLL/HA)50 Film Wettability

Static water contact angles for uncoated glass, and (PLL/HA)50 with PLL30, PLL90, and

PLL400 were found to be 34.9 ± 2.9◦, 75.4 ± 10.7◦, 106.3 ± 6.8◦, and 97.6 ± 3.8◦, respec-

tively, as shown in Figure 3.9. These contact angle measurements were taken immediately

following droplet contact with the surface due to the high absorption capability of the films.

Overall, all three film architectures were found to be more hydrophobic than plain glass.

PLL90 and PLL400 films had comparable water contact angles but were significantly more

hydrophobic than PLL30 films.
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Figure 3.9: Static water contact angle measurements on uncoated glass and glass coated
with (PLL/HA)50 films assembled with PLL30, PLL90, and PLL400. Results are shown as
mean ± standard deviation. Statistical significance was examined using one-way ANOVA
and Tukey’s post-hoc analysis; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n = 3.
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Figure 3.10: Comparison of PLL concentration in solutions in which (PLL90/HA)50 films
were incubated with HAse (0, 2.5, 5, 10 U/mL) measured using TNBSA (data connected
by solid lines) or back calculated using a microdilution assay (concentration range is the
shaded region between data points connected with dotted lines). Experiments were con-
ducted with 3 repeats.
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Figure 3.11: Percent area of (PLL/HA)50 coated glass substrates covered with live and
dead S. aureus normalized to percent area of uncoated glass with live and dead bacteria
attached. Results are shown as mean ± standard deviation. Statistical significance was
examined using one-way ANOVA and Tukey’s post-hoc analysis; * p < 0.05; ** p < 0.01;
**** p < 0.0001; n = 6 for film coated glass, n = 15 for uncoated glass.
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Figure 3.12: Fibronectin adsorption on uncoated and (PLL/HA)50 coated glass. A) Rep-
resentative fluorescence images of uncoated glass or glass coated with (PLL/HA)50 films
built with PLL30, PLL90, and PLL400 stained for fibronectin. Substrates were incubated
with (top row) or without (bottom row) fibronectin in 1× PBS for two hours before stain-
ing with anti-fibronectin primary antibodies and fluorescent secondary antibodies. Scale
bar represents 200 µm. B) Average fluorescence per field of view is normalized to that
of uncoated glass incubated with fibronectin. Results are shown as mean ± standard de-
viation. Statistical significance was examined among samples incubated with fibronectin
and between the same type of sample with or without fibronectin incubation using one-way
ANOVA and Tukey’s post-hoc analysis; **** p < 0.0001; n = 3.
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Chapter 4

A Chromogenic β-Lactamase Substrate
for Diagnostic Biomaterials

Chapter 4 is a manuscript prepared for submission for peer review:

Alkekhia D.,* Safford H.,* Shukla S., Shukla A., “A chromogenic β-Lactamase substrate
for diagnostic biomaterials”, Editing manuscript, 2020.
* Authors contributed equally
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4.1 Abstract

We report the synthesis of a chromogenic βL substrate that can be conjugated to poly-

mers for the development of biomaterials with facile, visual βL detection functionality.

Detection of βLs, bacterial enzymes which inactivate commonly used antibiotics (a major

cause of antibiotic resistance), is important for promoting proper treatment of the infection.

The βL substrate has a chromogenic leaving group on one end, and a functional group on

the other allowing for conjugation to a variety of polymers. The substrate exhibited a color

change from clear to yellow, even after its conjugation to polymers, in the presence of

βLs as well as βL-producing bacteria. We formulated hydrogels, which incorporate the

substrate covalently attached to the polymer backbone, that changed color in the presence

of βL. These results demonstrate the potential of our substrate and our approach for de-

veloping diagnostic biomaterial, such as hydrogels for wound treatment, for point-of-care

detection of βL producing bacteria.

4.2 Introduction

Wounds are highly prone to infection by bacteria, occurring in 10% of patients and

costing approximately $8 billion in the United States alone.309 These infections are further

complicated by the prevalence of antibiotic resistant microbes, which according to a re-

cent 2019 report by the Centers for Disease Control and Prevention (CDC), cause over 2.8

million illnesses and 35,000 deaths in the US, annually.3 To effectively treat and eradicate

wound infections, there is a critical need for clear and facile detection of the presence of an-

tibiotic resistant bacteria. A major cause of resistance are βLs, enzymes produced by bacte-

ria that cleave the β-lactam ring present in many common antibiotics including penicillins

and cephalosporins, rendering these therapeutics ineffective.18 Detecting the presence of

βL-producing bacteria can aid in proper antibacterial agent choice and in containing pa-
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tient transmission of resistant bacteria.

Most conventional detection methods, such as cultures and polymerase chain reaction

(PCR), although potentially highly accurate are time consuming and are unable to provide

a facile, visual infection indication without specialized instruments and trained personnel.

There have been efforts in developing point-of-care testing with a visual indication of bac-

terial infection, such as paper-strips that change color due to electrostatic interaction with

bacteria56 and wound dressings that change color in the presence of lipase-producing bac-

teria310. Here, we focus on detecting βLs due to their specificity to bacteria and and in

particular antibiotic resistant bacteria. Non-colorimetric βL hydrolysis indicators include

luminescent ruthinium (i) probes,311 fluorescent probes,58,312 and fluorescence resonance

energy transfer (FRET)-based probes63. However, these indicators require the use of ex-

ternal equipment. Alternatively, chromogenic βL substrates have been utilized for a vi-

sual color change in solution, on agar, or on discs, such as the commercially available

CENTA313,314, PADAC315,316, and nitrocefin18.
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Scheme 4.1: a) Illustration of approach to develop βL-detecting hydrogels. b) Synthesis
scheme of protected substrate 1, its deprotection (2), or its functionalization with maleimide
(3), followed by its conjugation to a polymer (e.g. PEG) (4) via thiol-maleimide click
chemistry.

aACLE: 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester, NBT: 4-

nitrobenzenethiol, TEA: triethylamine, NMM: 4-methylmorpholine, DCM: dichloromethane, TFA: triflu-

oroacetic acid, HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hex-

afluorophosphate, DIPEA: N,N-diisopropylethylamine, DMF: dimethylformamide, mPEG-SH: methoxy-

poly(ethylene glycol)-thiol, PB: sodium phosphate buffer

Our aim was to synthesize a chromogenic βL substrate which can be conjugated to

polymers, providing a platform for a range of biomaterials (i.e., nanoparticles, hydrogels,
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etc.) that incorporate a detection functionality (Scheme 4.1a). These biomaterials could

potentially be placed on wounds to provide a color change in situ if an infection by βL-

producing bacteria develops, promoting appropriate treatment. Conjugation to a polymer

allows the formation of different types of biomaterials, even in combination with existing

wound treatments, for developing multifunctional therapeutics with convenient application

to injury sites. The conjugate could also sequester the indicator compound within the bio-

material, preventing its release before it is needed. Inspired by the structure of chromogenic

βL substrate, CENTA313,314, our approach was to develop a substrate with a chromophore

leaving group at one end, and an easily modifiable group at another end, that can be conju-

gated to polymers while the carboxylic group βL recognition site remains protected during

the reactions. Here, we report the development of a βL substrate that we have successfully

conjugated to polymers and used to form hydrogels that changed color in response to βL

and βL-producing bacteria.

4.3 Results and Discussion

To synthesize the protected β-lactam compound (1), we modified a cephalosporin

derivative, 7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester

(ACLE), with a chromophore, 4-nitrobenzenethiol (NBT), at the 3’-position (Scheme 4.1b).

The primary amine at the 7’-position will be used to conjugate the substrate to polymers.

The p-methoxybenzyl protecting group prevents modification of the cephalosporin’s car-

boxylic group, which is an enzyme-substrate recognition site for some βLs.317 Addition-

ally, unlike CENTA’s chromophore which has a carboxylic group susceptible to possible

modification, here the chromophore is unmodified during chemical reactions.

Prior to conjugation to polymers, 1 was deprotected to yield substrate 2 (Scheme 4.1)

to characterize its colorimetric and enzyme kinetic response in the presence of βLs. 2 was
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Figure 4.1: a) Absorbance spectra of substrate 2 incubated in 10% DMSO in 0.1 M sodium
phosphate buffer (PB) with (+) or without (-) 200 U/mL βL-BC for 90 minutes at 37◦C.
Images of those solutions are in the inset. b) Images of solutions of 2 incubated with
different concentrations of βL-BC (U/mL) (with 10% DMSO in PB) in a 96-well plate for
45 minutes at 37◦C.

tested with βLs produced by Bacillus cereus (βL-BC), Pseudomonas aeruginosa (βL-PA),

and Enterobacter cloacae (βL-EC) (penicillinases and cephalosphorinases that have dif-

ferent specificity towards β-lactams (EC 3.5.2.6)). These enzymes were chosen because

of the prevalence of the bacteria that produce them in a variety of infections, including

wounds.318–321 Substrate 2 successfully changed color from clear to yellow when mixed

with any of the three enzymes (insets in Figures 4.1a and S9). The βL responses were

also observed on the ultraviolet–visible (UV-vis) spectra; as βLs cleave the β-lactam ring,

its characteristic absorbance at 260 nm decreases, and the chromogenic leaving group is

expelled (as suggested in Scheme 4.1a), causing a clear red shift in the wavelength of max-

imum absorbance (λmax) from 345 to 410 nm as seen in Figures 4.1a for βL-BC and S9 for

βL-PA and βL-EC. Furthermore, as seen in Figures 4.1b and S10a, respectively, the sub-

strate color change and the shifts in the spectral scan are βL concentration dependant. The

visual limit of detection of the concentrations we have tested seemed to be 3.12 units/mL

(U/mL) for βL-BC. The absorbance at 410 nm was plotted in relation to βL concentration

(Figure S10b), and the limit of detection based on absorbance signal was calculated to be

4.6 U/mL, which is similar to the visual limit.
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Enzyme Substrate KM (µM) kcat (s-1) kcat/KM (µM -1s-1)

βL from B. cereus Substrate 2 866.80 ± 141.40 4.99 ± 0.57 0.0058 ± 0.0011
CENTA 345.30 ± 36.08 16.50 ± 0.88 0.048 ± 0.0056
Nitrocefin 450.70 ± 69.55 49.67 ± 4.35 0.11 ± 0.012

βL from P. aeruginosa Substrate 2 58.01 ± 9.54 0.66 ± 0.02 0.011 ± 0.002
CENTA 12.63 ± 6.84 0.42 ± 0.02 0.033 ± 0.018
Nitrocefin 178.80 ± 32.71 5.14 ± 0.37 0.029 ± 0.0056

βL from E. cloacae Substrate 2 n/a n/a n/a
CENTA 68.88 ± 11.83 1.48 ± 0.062 0.021 ± 0.0038
Nitrocefin 315.20 ± 26.75 9.04 ± 0.38 0.029 ± 0.0027

an/a; not applicable

Table 4.1: Kinetic parameters of compound 2, CENTA, and nitrocefin hydrolysis by three
different βLs

Substrate-enzyme relationships were further characterized using Michaelis-Menten ki-

netics analysis. As shown in Table 4.1, parameters were determined for substrate 2, as well

as commercially available chromogenic substrates CENTA and nitrocefin as a comparison,

with three different βLs. The measurements were conducted in 10% DMSO in PB (due to

low aqueous solubility of 2 and nitrocefin), which decreased the efficiency of the enzymes

compared to measurements in PB only solutions (not shown), but the values obtained for

kcat/KM were within a similar range of values reported for CENTA, nitrocefin, and other

substrates with βLs.58,313 The kcat/KM values for substrate 2 were slightly lower compared

to those of CENTA and nitrocefin for βL-BC and βL-PA, but with βL-EC, it was much

lower, resulting mainly from a very low kcat, indicating a low turnover number (thus re-

ported as not applicable; n/a). This difference could arise from differences in the classes

of the βLs tested and their substrate specificity. Although 2 required higher concentrations

of βL-EC or longer incubation time compared to CENTA or nitrocefin, or compared to

incubation with the two other βLs, it did still change color from clear to yellow.

To investigate potential antibacterial effects of the substrate, which could limit its use-

fulness in detecting such bacteria, minimum inhibitory concentrations (MIC) of 2 were
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measured against several bacteria species. Of the bacteria tested (Staphylococcus aureus,

methicillin-resistant S. aureus (MRSA), Escherichia coli, P. aeruginosa, E. cloacae, and B.

cereus; Table S1), compound 2 was only antibacterial at the concentrations tested (up to 128

µg/mL) against S. aureus 25923, which is a non-βL producing species322,323, and S. aureus

29213, which produces low amounts of βLs323,324, at a minimum inhibitory concentration

of 8 µg/mL. These effects were comparable to those observed for other chromogenic βL

substrates, PADAC, CENTA, and nitrocefin, which were not antibacterial against gram-

negative species but had some activity against S. aureus and some Streptococci.314,315 2

might have not exhibited an effect on the gram-positive MRSA and B. cereus at the tested

concentrations due to their βL production.

After successfully synthesizing and characterizing substrate 2 and its response to βLs,

we wanted to conjugate the βL substrate to a commonly used polymer to form diagnos-

tic hydrogels. Poly(ethylene glycol) (PEG) was chosen as a model polymer because of

its extensive use in biomaterials such as hydrogels, nanoparticles, and coatings for various

biomedical applications given its biocompatiblity and tunability.325,326 For facile conjuga-

tion of the βL substrate to polymers, we first functionalized the substrate with a maleimide

group. This allows for polymer conjugation via modular click-chemistry under mild con-

ditions such as maleimide-thiol Michael-type addition92 or a furan-maleimide Diels-Alder

reaction327. 3-maleimidopropionic acid was conjugated to 1 through amidation via its 7’-

position primary amine yielding compound 3 (Scheme 4.1b). 1H-NMR indicated the dis-

appearance of the carboxylate proton on 3-maleimidopropionic acid (12.36 ppm), along

with the appearance of the proton peaks of the newly formed amide (9.07 - 8.95 ppm) in

the spectra of 3 (Figure S3). Next, we conjugated 3 to a linear, short PEG chain to investi-

gate the effects of PEG addition on color change and enzyme kinetics. We conjugated 3 to

methoxy-PEG-thiol (mPEG-SH) (1.7 kDa) via Michael-type addition forming 4 (Scheme

4.1b). The conjugation was confirmed using different characterization techniques. 1H-

NMR showed the disappearance of the maleimide protons at 7.00 ppm that are present in
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compound 3 and the formation of a new signal at 4.02 ppm in compound 4, indicating for-

mation of the thiol-maleimide adduct (Figure S5); the other protons on the adduct would

likely appear in the region of 2.4 - 3.2 ppm,328 which in our case is obscured by the PEG re-

peat unit protons. Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)

mass spectrometry demonstrated a shift in the molecular weight distribution of the con-

jugate compared to unmodified mPEG-SH (suggesting an average MW increase of ∼400

Da), indicating successful conjugation of 3 to PEG (Figure S4c). Conjugate 4 and unmod-

ified mPEG-SH were also compared using size exclusion chromatography (SEC), where

both eluted at similar times (as indicated by refractive index detector; not shown), however,

while mPEG-SH has no absorbance signal, conjugate 4 had an absorbance at 345 nm, the

substrate’s characteristic λmax (Figure S7), also indicating successful conjugation. In the

presence of βL-BC, conjugate 4 changed color from clear to a bright yellow and the spec-

tral scan showed a decrease in the peak at 260 nm and the expected red shift in λmax (Figure

S8). Via SEC, a decrease in the 345 nm absorbance signal where the conjugate eluted was

evident after incubation with βL (Figure S7).

Furthermore, upon conjugation to the hydrophilic PEG, aqueous solubility of the sub-

strate was improved, promoting its use in clinical situations, and allowing us to test the

ability of the βL substrate-polymer conjugate to detect βL-producing bacteria (without

DMSO, and at higher concentrations of the substrate). We incubated conjugate 4 at various

concentrations with βL producing bacteria strains (P. aeruginosa63, E. cloacae63,329, and

B. cereus311), as well as a non-pathogenic bacteria used as a non-βL producing bacteria

control (E. coli DH5-α311,329,330). As shown in Figure 4.2a, the conjugate changes color

when incubated with βL-producing bacteria, even at low concentrations of the conjugate

(as low as 280 µg/mL; which is equivalent to approximately 47 µg/mL of 2), while E. coli

DH5-α did not cause a color change during the overnight incubation. At the highest con-

centration of conjugate 4 (4.5 mg/mL), the B. cereus solution appears clear as apposed to

cloudy, suggesting a potential antibacterial concentration of conjugate 4 leading to bacteria
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growth inhibition prior to sufficient βL production to cause a color change. This antibac-

terial effect against B. cereus was detected at a high concentration of the conjugate, where

the equivalent concentration of compound 2, approximately 750 µg/mL, was higher than

the concentrations of 2 tested in the microdilution assay (up to 128 µg/mL; Table S1).

Having confirmed the responsiveness of the βL substrate-PEG conjugate to bacteria,

we formulated a PEG hydrogel with substrate 3 covalently attached to the backbone, as

a preliminary demonstration of a diagnostic biomaterial. As represented in Scheme S1, 3

was mixed with 4-arm-PEG-thiol to decorate on average one of the polymer’s arms with

the βL substrate, and then subsequently, the crosslinker maleimide-PEG-maleimide was

added, leading to hydrogel formation. Control non-βL-responsive hydrogels were formed

similarly but without adding 3. After deprotection of the methoxybenzyl group, the hydro-

gels were extensively rinsed to remove any unbound 3 or organic solvents, and swelled in

1× PBS. The increased swelling apparent in β-lactam-PEG hydrogels compared to control

PEG hydrogels likely resulted from increased network defects due to incomplete gelation

at sites where 3 was conjugated331. When both types of hydrogels were exposed to 1×

PBS with or without βL-BC, only the responsive PEG hydrogels incubated in βL changed

color from clear to yellow, as seen in Figure 4.2b, indicating selective color change due to

β-lactam compound hydrolysis by βLs.

To demonstrate the feasibility to tether the substrate to a range of polymers with vary-

ing molecular weights and properties, we tested the conjugation of the βL substrate to a

naturally-occurring long, bulky polymer, gellan gum, which has been utilized in devel-

oping physically267,332 and covalently333,334 crosslinked hydrogels for biomedical applica-

tions. Preliminary positive results indicate that 3 was conjugated to the backbone of furan

modified gellan via Diels-Alder click chemistry327,335, and ionically crosslinked hydrogels

formulated from the conjugate turned yellow in the presence of βL (not shown), indicating

the versatility of our approach.
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Figure 4.2: a) Images of solutions of various concentrations of conjugate 4 after overnight
incubation with three βL-producing bacteria (P. aeruginosa, E. cloacae, B. cereus), one
non-βL-producing (E. coli), or in broth only in 96-well plates. b) Images of 20% w/v β-
lactam-PEG hydrogels and control PEG hydrogels after 15 minute-incubation in 1× PBS
with (+) or without (-) 400 U/mL βL-BC.

In summary, we have developed a chromogenic βL substrate that can be covalently at-

tached to polymers and changes color specifically in the presence of βLs and βL-producing

bacteria. Kinetic analysis of the substrate demonstrated its response to βLs from different

bacteria species. Hydrogels that we developed with the newly synthesized βL substrate

tethered to the polymeric backbone demonstrated a color change from clear to bright yel-

low in the presence of βL. To our knowledge, this is the first time that a βL substrate has

been conjugated to a polymer for direct and facile point-of-care colorimetric detection of

infections by βL-producing bacteria. These conjugates could potentially be incorporated

into multifunctional biomaterials for the enhanced prevention, detection, and treatment of

bacterial infections.
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4.5 Supporting Information

4.5.1 Materials

7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hy-

drochloride (ACLE) was purchased from AK Scientific (Union City, CA). 4-

nitrobenzenethiol (NBT) and 3-maleimidopropionic acid were purchased from TCI

Chemicals (Tokyo, Japan). Nitrocefin was purchased from P212121, LLC (Boston,

MA). Deuterated dimethyl sulfoxide (DMSO-d6) and deuterium oxide were obtained

from Cambridge Isotope Laboratories (Andover, MA). 2-(N-morpholino) ethanesul-

fonic acid (MES) buffer, triethylamine (TEA), 4-methylmorpholine (MMP), anhydrous

dichloromethane (DCM), anhydrous dimethylformamide (DMF), hexanes, ethyl acetate,

thin layer chromatography (TLC) Silica Gel 60 on glass plates, di-sodium hydro-

gen phosphate anyhydrous, sodium dihydrogen phosphate anhydrous, CENTA, dimethyl

sulfoxide (DMSO), trifluoroacetic acid (TFA), anisole, βL from B. cereus (βL-BC;

cat.# P0389, 28 kDa, 2817.8 U/mg protein, 4.72% protein), βL from P. aeruginosa

(βL-PA; cat.# L6170, 30 kDa, 1080 U/mg protein, 1% protein), βL from E. cloa-

cae (βL-EC; cat.# P4524, 20-26 kDa, 0.37 U/mg protein, 56.45% protein), phosphate

buffered saline (PBS), sodium nitrate, cation-adjusted Muller-Hinton broth (CMHB), α-

Cyano-4-hydroxycinnamic acid, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU), N,N-disopropylethylamine (DIPEA),
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and hydrochloric acid (HCl) were acquired from Millipore Sigma (St. Louis, MO).

Methanol, silica gel, tryptic soy broth (TSB), and SYLGARD 184 silicone elastomer kit

were purchased from Thermo Fisher Scientific (Waltham, MA). Methoxy-poly(ethylene

glycol)-thiol (mPEG-thiol) (average MW 1.7 kDa) was purchased from Laysan Bio, Inc

(Arab, AL). Nitrocefin disks were obtained from Becton Dickinson (Franklin Lakes, NJ).

Staphylococcus aureus strains 25923 and 29213, methicillin-resistant S. aureus (BAA-

1707) (MRSA), Escherichia coli 25922, and Enterobacter cloacae 13047 were purchased

from ATCC (Manassas, VA). Pseudomonas aeruginosa PA01 was generously donated by

Walter Reed Army Institute of Research (Silver Spring, MD). textitE. coli DH5-α was pur-

chase from Life Technologies (Carlsbad, CA). Ultra-high-purity nitrogen gas (99.999%;

under N2) was obtained from Corp Brothers, Inc. (Providence, RI). Repligen Biotech

cellulose ester 500-1000 Da molecular weight cut-off (MWCO) dialysis tubing was ob-

tained from Spectrum Labs Inc. (Rancho Dominguez, CA). Ultrapure deionized water

(18.2 MΩ·cm, Millipore Sigma, Billerica, MA) was utilized in all experiments. Room

temperature (RT) refereed to in this article is approximately 23◦C.

4.5.2 Instrumentation

1H-NMR was recorded on a Bruker DRX Avance 400 MHz spectrometer. 13C-NMR

and 2D-NMR were acquired on a Bruker Ascend 600 MHz spectrometer. Data for 1H and

13C NMR are reported with chemical shifts stated in δ in units of parts per million (ppm)

relative to DMSO-d6 (2.50 ppm). High resolution mass spectrometry (HRMS) electro-

spray ionization (ESI) was conducted on an Agilent 6530 liquid chromatography (LC)-MS.

Matrix-assisted laser desorption ionization time-of-flight spectrometry (MALDI-TOF) was

conducted using an AXIMA Performance equipped with a 50 Hz nitrogen laser. The ma-

trix utilized was α-Cyano-4-hydroxycinnamic acid. Size exclusion chromatography (SEC)

was performed on a 1260 Infinity II liquid chromatography system (Agilent Technologies,
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Santa Clara, CA) equipped with multiple wavelength UV-Vis and refractive index detec-

tors (Agilent Technologies, Santa Clara, CA). An Agilent AdvanceBio SEC 130 Å pore

size (7.8 × 300 mm; 2.7 µm particle size) column was used under isocratic flow condi-

tions with 100 mM sodium nitrate + 0.1% (v/v) trifluoroacetic acid (pH 6.5) as the mobile

phase and at a flow rate of 0.35 mL/min. Ultraviolet-visible spectroscopy (UV-vis) spec-

tral scans and kinetic experiments were performed using a BioTek R© Cytation 3 microplate

reader (Winooski, VT), unless specified otherwise, using 96-well UV-capable plates (Corn-

ing Inc., Corning, NY).

4.5.3 Substrate Synthesis and Characterization

Synthesis of 1

Substrate 1 was synthesized following a method modified from literature for a simi-

lar compound80. ACLE (600 mg, 1.48 mmol) was dissolved in anhydrous DCM (20 mL)

and stirred at RT under N2. TEA (390 µL, 2.8 mmol) was slowly added in three portions

over a 20 minute time period to the ACLE mixture. NMM (200 µL, 1.8 mmol) and NBT

(370 mg, 2.4 mmol) were added sequentially thereafter. The reaction was stirred at RT and

monitored by TLC (30% hexanes/70% ethyl acetate). After 1 hour, DCM was evaporated

using a Buchı̈ rotary evaporator. The conjugate was purified using flash column chro-

matography (silica gel, 70% to 100% gradient ethyl acetate in hexanes as eluent) to yield

substrate 1 (586 mg, 1.20 mmol, 81% yield, ∆2 isomer ∼20%). HRMS-ESI: Calculated

for C22H21N3O6S2
+ [M+H]+: 488.09; Found: 488.0948. 1H-NMR (400 MHz, DMSO-d6)

δ (ppm): 8.08 - 8.04 (dd, J1 = 2.0 Hz, J1 = 6.2 Hz, 2H), 7.47 - 7.43 (dd, J1 = 2.0 Hz, J2 =

6.2 Hz, 2H), 7.34 - 7.26 (dd, J1 = 2.0 Hz, J2 = 5.8 Hz, 2H), 6.91 - 6.82 (dd, J1 = 2.0 Hz, J2

= 5.8 Hz, 2H), 5.20 - 5.07 (dd, J1 = 11.8 Hz, J2 = 28.9 Hz, 1H), 5.01 - 4.93 (dd, J1 = 4.0,

5.0 Hz, J2 = 19.4 Hz, 1H) 4.29 – 4.03 (dd, J1 = 12.9 Hz, J2 = 77.0 Hz, 2H) 3.75 - 3.65 (m,
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Figure 4.3: 1H-NMR spectrum of compound 1 (DMSO-d6, 400 MHz).

Synthesis of 2

Substrate 1 (70 mg, 0.14 mol) was deprotected in a solution of TFA:anisole:DCM (49

mL total) at a 1:1:5 volumetric ratio under N2 on ice for 4 hours. DCM and TFA were

evaporated under reduced pressure and anisole was removed by nitrogen bubbling. The de-

protected conjugate was dissolved in DMSO at a concentration of approximately 8 mg/mL

and diluted 1:10 in methanol. The suspension was left at 4◦C overnight to precipitate, then
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centrifuged at 5,000 rpm for 30 minutes at 4◦C. The supernatant was removed and the

pellet redissolved in DMSO to repeat the rinsing process once more. The final pellet was

frozen and lyophilized (17 mg, 0.046 mmol, 32% yield, ∆2 isomer ∼10%). HRMS-ESI:

Calculated for C14H13N3O5S2
+ [M+H]+: 368.03; Found: 368.0366 1H-NMR (400 MHz,

DMSO-d6) δ (ppm): 8.15 - 8.10 (dd, J1 = 2.0 Hz, J2 = 6.2 Hz, 2H), 7.58 - 7.53 (dd, J1 =

2.0 Hz, J2 = 6.2 Hz, 2H), 4.96 (d, J1 = 5.0 Hz, 1H), 4.75 (d, J1 = 5.0 Hz, 1H), 4.32 - 4.11

(dd, J1 = 12.8 Hz, J2 = 58.7 Hz, 2H), 3.72 - 3.44 (dd, J1 = 17.8 Hz, J2 = 85.3 Hz, 2H).
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Figure 4.4: 1H-NMR spectrum of compound 2 (DMSO-d6, 400 MHz).
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Synthesis of 3

Substrate 1 (151 mg, 0.31 mmol), 3-maleimidopropionic acid (344 mg, 1.24 mmol) and

HATU (567 mg, 1.49 mmol) were dissolved in anhydrous DMF (4 mL). The mixture was

stirred for 15 minutes under N2 at RT before adding DIPEA (370 µL, 2.18 mmol), then the

reaction was allowed to proceed for another 75 minutes and was monitored by TLC (20%

ethyl acetate/80% hexanes). The crude reaction was transferred to a separatory funnel and

partitioned between DCM and 0.1 M HCl to separate the layers. DCM was rinsed again

with HCl and then rinsed twice with water. The organic layer was washed with brine and

dried over sodium sulfate, filtered, and concentrated in vacuo. For further purification, the

product was dissolved in DMSO at a concentration of approximately 50 mg/mL and diluted

1:3 in water. The suspension was left at 4◦C overnight then centrifuged at 5,000 rpm for

20 minutes at 4◦C. The supernatant was removed and the rinsing process was repeated

once more. The final pellet was frozen and lyophilized (118 mg, 0.19 mmol, 60% yield,

∆2 isomer ∼40%). HRMS-ESI: calculated for C29H26N4O9S2
+ [M+H]+: 639.11; Found:

639.1218 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 9.07 - 8.95 (dd, J1 = 7.5 Hz, J1 = 40.8

Hz, 1H), 8.10 - 8.04 (dd, J1 = 3.2 Hz, J2 = 8.8 Hz, 2H), 7.48 - 7.44 (dd, J1 = 5.2 Hz, J2 =

8.4 Hz, 2H), 7.33 - 7.28(dd, J1 = 3.4 Hz, J2 = 2.4 Hz, 2H), 6.99 (s, 2H), 6.91 - 6.85 (dd, J1

= 8.6 Hz, J2 = 18.6 Hz, 2H), 5.64 - 5.33 (dd, textitJ1 = 4.8, 3.7 Hz, J2 = 8.4, 7.4 Hz, 1H),

5.22-5.05 (m, 3H), 4.26 - 3.85 (dd, textitJ1 = 12.9, 14.6 Hz, J2 = 73.6, 134.4 Hz, 2H), 3.75

- 3.69 (m, 4H), 3.65 - 3.55 (m, 2H), 3.53 (d, textitJ = 17.8 Hz, 1H) 2.48 - 2.41 (m, 2H).

Note: The non-β-responsive ∆2 isomer has been reported in literature. Reaction conditions

could be optimized to increase ratio of ∆3 to ∆2 isomer.58,77,336
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Figure 4.6: 1H-NMR of compound 3 (DMSO-d6, 400 MHz).
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Synthesis of β-lactam-mPEG conjugate, 4

Product 3 (30 mg, 0.047 mmol) dissolved in DMSO (175 µL) was added to mPEG-

thiol (40 mg, 0.023 mmol) dissolved in 0.15 M sodium phosphate buffer (PB; 1 mL; pH

7) and the solution was left spinning at RT for 16 hours. The product was then dialyzed

in 500-1000 Da MWCO cellulose ester dialysis tubing in water for 6 hours, frozen, and

lyophilized. The dried product was deprotected in a solution of TFA:anisole:DCM mixed

at a 1:1:5 volumetric ratio (10.5 mL total) on ice for 3 hours. The DCM and TFA were

evaporated under reduced pressure, then the product was precipitated and rinsed twice in

cold diethyl ether (pelleted by centrifuging at 4,000×g for 5 minutes at -10◦C). Lastly, the

conjugate was dialyzed in water for 24 hours, frozen, and lyophilized.

Conjugation was confirmed using 1H-NMR (Figure 4.7), MALDI-TOF MS (Figure

4.8), and SEC (Figure 4.9) as described in the Instrumentation Section. Both SEC and

NMR also indicated that any free, unconjugated 3 had been successfully removed. Re-

sponse to βL-BC was characterized using SEC (Figure 4.9) and UV-vis spectroscopy (Fig-

ure 4.10).

4.5.4 Substrate 2 Incubation with βLs

For all βLs tested, 135 µL of each respective βL dissolved in 0.15 M PB (pH 7) was

added to 15 µL of substrate 2 dissolved in DMSO for a final concentration of 0.2 mg/mL

of 2, 10% DMSO in PB, and different concentrations of enzymes. For all βLs tested,

activity was reported by the vendor and one unit (U) was defined as hydrolyzing 1.0 µmole

of benzylpenicillin per min at pH 7.0 at 25◦C. Substrate 2 was incubated with 200 U/mL
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Figure 4.7: 1H-NMR spectra of mPEG-SH, compound 3, and compound 4 (DMSO-d6,
400 MHz). Compound 4 spectra indicates presence of PEG repeat units, compound 3
protons minus those of the p-methoxybenzyl protecting group and the maleimide protons
at 7.0 ppm. It also shows the appearance of one of the maleimide-thiol adduct protons at
4.02 ppm in compound 4, suggesting successful conjugation. The other two protons on the
adduct would likely appear in the region of 2.4 - 3.2 ppm,328 obscured by the protons of the
PEG repeat units.
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Figure 4.9: Size exclusion chromatograms of absorbance at 345 nm of 1 mg/mL mPEG-
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Figure 4.10: Spectral scan of 4 after incubation with or without βL-BC in PBS. 1 mg/mL
of 4 was incubated with 200 U/mL βL-BC for 3 hours then diluted to 0.3 mg/mL before
absorbance was measured in glass cuvettes using a PerkinElmer Lambda 950 spectrometer.
Inset: Image of 4 incubated with (+) or without (-) βL in PB.
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Figure 4.11: Absorbance spectrum of 2 incubated with (a) 50 U/mL of βL-PA after 90
minutes or (b) 1 U/mL of βL-EC after 3 hours. Insets: Images of 2 with (+) or without (-)
βL in PB.

βL-BC for 30 minutes (Figure 1a), 50 U/mL βL-PA for 90 minutes (Figure 4.11a), or 1

U/mL βL-EC for 3 hours (Figure 4.11a) at 37◦C before a UV-Visible spectral scan (from

230 to 600 nm) was conducted using a plate reader.

To study concentration dependent effects of βL, substrate 2 was incubated with 11 dif-

ferent concentrations (0.39 to 400 U/mL) of βL-BC as described above. After 45 minutes

of incubation at 37◦C, the absorbance spectra (Figure 4.12a) and absorbance at 410 nm

(Figure 4.12b) were recorded. The plot of absorbance at 410 nm versus concentration was

fit to a curve using linear regression and the limit of detection (LOD) was calculated using

equation 4.1.

LOD = 3.3 × standard deviation of blank

slope
(4.1)

4.5.5 Michelis-Menten Kinetics

Enzymatic activity of βL-BC, βL-PA, βL-EC against 2, CENTA and nitrocefin was

characterized. The three substrates were dissolved in DMSO at six different molar equiv-
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Figure 4.12: (a) Spectral scan of 0.2 mg/mL (544 µM) of 2 incubated with different con-
centrations (U/mL) of βL-BC or in PBS (with 10% DMSO) after 45 minutes at 37◦C.
(b) Absorbance signal at 410 nm as a function of βL concentration. Inset is a zoom in
on lower concentrations of βL. (c) Spectral scan of different concentrations (µM) of 4-
nitrobenzenethiol (NBT). (d) Absorbance signal at 410 nm as a function of NBT concen-
tration. Inset is a zoom in on lower concentrations of NBT.
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alent concentrations ranging from 0.68 to 5.4 mM (10×). Enzyme stocks (1.1×) were

dissolved in 0.15 M PB (pH 7) at different concentrations (U/mL) for each substrate-βL

combination and were warmed to 37◦C. 15 µL of 2, CENTA or nitrocefin followed by

135 µL of βL was added to 96-well plates to achieve final concentrations of 68 to 544

µM for substrates, different concentrations for βLs (reported in caption of Figure 4.13)

in 10% DMSO in PB. Absorbance at 410, 405, and 485 nm, for 2, CENTA, nitrocefin,

respectively, were immediately monitored at 37◦C over time. The change in absorbance

was plotted against substrate concentration for each substrate and βL combination, and the

initial slope of each curve was determined and taken as the initial velocity of the reaction.

The molar extinction coefficients of 2, CENTA, and nitrocefin were also measured. 15

µL of each substrate at each concentration (in DMSO) and 135 µL of βL-BC (in 0.15 M

PB, pH 7) was added to a 96-well plate to achieve final concentrations of 68 to 544 µM for

substrates and 25 U/mL for βL-BC in 10% DMSO in PB. The change in absorbance at 410

nm for 2, 405 nm for CENTA, and 485 nm for nitrocefin was monitored for 30 minutes.

The maximum absorbance achieved for each substrate at each concentration was recorded

and absorbance versus substrate concentration plots were generated for each substrate. The

slope of each plot was determined and recorded as the extinction coefficient for each sub-

strate. The coefficients were calculated as 1331, 6221, and 15068 M-1cm-1 for 2, CENTA,

and nitrocefin, respectively. The KM, kcat, and kcat/KM values were calculated through the

initial velocities of the substrate and the direct fitting of the Michaelis-Menten curve337 to

the data using GraphPad PrismTM (Figure 4.13, Table 1).

4.5.6 Substrate 2 Minimum Inhibitory Concentration

Antibacterial effect of 2 was tested against different gram-positive and gram-negative

bacteria (Table 4.2) in a microdilution assay. 2 was dissolved in DMSO at a concentration

of 2.56 mg/mL and diluted to a concentration of 256 µg/mL in sterile 1× PBS. Substrate
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Figure 4.13: Michaelis-Menten kinetics charts of (a) 2, (b) CENTA, and (c) nitrocefin with
25 U/mL βL-BC, (d) 2 with 25 U/mL, (e) CENTA with 10 U/mL, and (f) nitrocefin with
10 U/mL βL-PA, and (g) 2 with 1 U/mL, (h) CENTA with 0.01 U/mL, and (i) nitrocefin
with 0.005 U/mL βL-EC.
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Bacteria MIC (µ g/mL) Gram (+/-)

S. aureus 25923 8 +
S. aureus 29213 8 +
MRSA MW2 >128 +
B. cereus >128 +
E. coli 25922 >128 -
P. aeruginosa PA01 >128 -
E. cloacae >128 -

Table 4.2: MIC of 2 against different strains of bacteria

2 solutions and a control of 10% DMSO in CMHB or TSB were serially diluted 1:2 with

CMHB or TSB in a 96-well plate. Bacteria were grown overnight, then diluted 1:1000, then

added in their logarithmic growth phase to the wells at a final concentration of 105 CFU/mL.

Positive controls of bacteria cultured in broth only and negative controls of CMHB or TSB

without bacteria were included. After 16-18 hours of shaking at 100 rpm at 37◦C, the

optical density at 600 nm (OD600) was measured using a plate reader. The normalized

bacteria density was calculated using equation 4.2:

Normalized bacteria density =
sample OD600 − negative control OD600

positive control OD600 − negative control OD600

(4.2)

The minimum inhibitory concentration (MIC) of 2 was determined as the lowest con-

centration of 2 in the range of concentrations over which the normalized bacteria density

transitioned from zero to greater than zero.

4.5.7 Product 4 in vitro Bacteria Responsive Color Change

βL producing bacteria, B. cereus, E. cloacae, and P. aeruginosa, and non-βL producing

bacteria, E. coli DH5-α, were grown overnight in 1× TSB, then diluted 1:1000 and grown
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to mid-logarithmic growth phase. 4 was dissolved in 1× PBS at 9 mg/mL then serially

diluted 1:2 in 50 µL of PBS in a 96-well plate. 50 µL of TSB or bacteria in TSB was added

to each well to a final concentration of 107 CFU/mL. The final solutions were 50% TSB in

PBS and were incubated shaking (100 rpm) at 37◦C for 18-24 hours before digital images

of the wells were taken (Figure 2a).

4.5.8 β-lactam-PEG Hydrogel Formation and βL-Responsive Color
Change

20% w/v PEG hydrogels modified with substrate 3 were formed following similar pre-

viously reported procedures331. As depicted in Scheme 4.2, compound 3 (in DMSO) was

incubated with 4-arm-poly(ethylene glycol)-thiol (PEG-4SH; 20 kDa) (in 0.1× PBS, pH 5)

at a 4:1 thiol to maleimide molar ratio with shaking at 100 rpm at 37◦C for 15 minutes. Sub-

sequently, maleimide-PEG-maleimide (mal-PEG-mal; 2 kDa) (in DMSO) was added to the

solution at a 1:1 thiol to maleimide molar ratio to form hydrogels; the mixture (50 µL) was

briefly vortexed then quickly transferred to a 5 mm circular polydimethylsiloxane (PDMS)

mold, and incubated at 37◦C for 45 minutes. The control non-responsive hydrogels were

formed similarly but without adding compound 3. The hydrogels were rinsed in methanol

then DCM (with shaking at room temperature), before TFA and anisole were added to de-

protect the carboxylic acid (on ice for 4 hours). After the deprotection, the hydrogels were

thoroughly rinsed in DCM then methanol. Before the hydrogels were incubated with βLs,

they were rinsed and equilibrated in 1× PBS overnight at 4◦C. The hydrogels were cut

in half before 100 µL of PBS with or without 400 U/mL βL-BC were pipetted onto the

hydrogels and a color change was apparent in a few minutes (Figure 2b).
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Chapter 5

β-lactamase Responsive Hydrogels as a
Platform for Bacteria Triggered

Antibacterial Treatments

Chapter 5 is a manuscript prepared for submission for peer review:

Alkekhia D., LaRose C., Shukla A., “β-lactamase responsive hydrogels for bacteria trig-
gered antibiotic delivery”, In preparation, 2020.
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5.1 Abstract

Antibiotic resistance is a major global health threat that has been associated with misuse

and overuse of antibiotics. One of the main causes of resistance are β-lactamases (βLs),

bacterial enzymes that hydrolyze the β-lactam present in the widely prescribed antibiotics

including penicillins and cephalosporins inactivating them. Here, we developed hydrogels

that degrade specifically in the presence of βL and βL-producing bacteria to provide a plat-

form for bacteria triggered antibiotic delivery. The aim is to limit unnecessary exposure to

antibacterial agents, and with the spatiotemporal control over their release, to localize de-

livery enhancing the drug concentration at the site infection and reducing off-site toxicity

to the microbiome, potentially reducing susceptibility to antibiotic resistance development.

A βL cleavable cephalosporin was functionalized with maleimides on both of its halves

and used as a crosslinker in the synthesis of hydrogels by end-crosslinked polymerization

with multiarm thiol-terminated poly(ethylene glycol) macromers via Michael-type addi-

tion. Only hydrogels containing the responsive moiety degraded by βLs, as demonstrated

by a decrease in wet mass over time. Fluorescent polystyrene nanoparticles (NPs) encap-

sulated into the hydrogels as model cargo, were released at rates tracking hydrogel wet

mass loss, indicating hydrogel surface erosion and degradation-controlled cargo release.

Hydrogels demonstrated an on-off response when βL were added or removed, and lower

degradation rates with increased polymer density, and different degradation rates when

incubated with different types of βLs. The latter demonstrating βL-substrate hydrolysis

kinetic controlled degradation. Responsive hydrogels also degraded and released NPs in

the presence of βL-producing bacteria (Bacillus cereus, Pseudomonas aeruginosa) but re-

mained stable when incubated with non-βL-producing bacteria (Staphylococcus aureus).

Degradation rates were dependent on bacterial strain and culture conditions (shaking in so-

lution, on agar, or on ex vivo porcine skin), ranging from approximately 21 hours to over a

week.

122



5.2 Introduction

Bacterial antibiotic resistance is a major global health threat making bacterial infec-

tions among the leading causes of death.1 A recent 2019 report by the Centers for Disease

Control and Prevention (CDC) estimates over 2.8 million infections and over 35,000 deaths

caused by antibiotic-resistance microbes annually in the US alone.3 Overuse and misuse of

antimicrobials, including antibiotics, has been associated with increased risk of antibac-

terial resistance development as well as other adverse drug events.6 As the prevalence of

antibiotic resistant bacteria continuously increases and development of new therapeutics

remains stagnant, there is a critical need for new strategies and technologies for infection

control.200,201 One approach to improve management and treatment of infections is the de-

velopment of biomaterials for controlled antibiotic delivery to enhance efficacy, reduce

doses administered, and reduce off-site toxicity of current antibiotics. Self-regulated re-

lease of antimicrobials from biomaterials could potentially reduce susceptibility of bacteria

towards developing antibiotic resistance by localizing antibiotic release at the site of infec-

tion and only when an infection arises, thus limiting unnecessary exposure and reducing

toxicity.

Responsive materials, which undergo a change in material properties under specific

stimuli, have been designed for different applications, such as diagnosis, tissue engineer-

ing, as well as drug delivery.67 For antibacterial treatments, various types of material have

been developed to respond to external stimuli including temperature, light, and magnetic

fields.338 Alternatively, biomaterial that does not require external interference and can re-

spond to the native bacterial microenvironment, has been explored as self-defensive sys-

tems.69 Among the most common examples in literature are pH responsive biomaterial339

that can respond to the local decrease in pH154 caused by various lactic and acetic acid pro-

ducing bacteria.73 Other triggers include bacterial toxins74 and enzymes, such as lipases,75
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proteases,104 phosphatases and phospholipases,76 and hyaluronidases.199,203 Yet, some of

these triggers are not necessarily bacteria specific. Acidic environments can be found in

different locations in the body including uninfected wounds.340 Some bacterial enzymes

have mammalian analogs that cleave similar substrates that are also typically found in

wounds. β-lactamases (βLs) on the other hand are specific to bacteria and are one of the

major causes of antibiotic resistance.17,18 These enzymes, which are produced by various

gram-positive and gram-negative bacteria,16 cleave the β-lactam ring present in many of

the common antibiotics such as penicillins, cephalosporins, and carbapenems, inactivating

the therapeutics.17 This class of drugs is among the most commonly prescribed antibiotics

around the world,341 underscoring the importance of limiting their use, as well as the use

of broad-spectrum late stage antibiotics, to preserve their efficacy.

An interesting characteristic of some cephalosporins is that hydrolysis of the amide

bond in their β-lactam ring by βLs triggers the spontaneous release of a leaving group at-

tached at the 3’-position, if present.342 This property has been exploited in the development

of βL responsive prodrugs,343 such as compounds that are triggered by bacteria to release

nitric acid77 or antibiotics,15,79 or activate photosensitizers for targeted photodynamic ther-

apy.80 Similar responsive compounds have also been synthesized for the detection of βL-

producing bacteria utilizing luminescent ruthinium (i) probes,311 fluorescent probes,58,60,312

or fluorescence resonance energy transfer (FRET)-based probes.63 Furthermore, βL respon-

sive polymeric biomaterials such as vesicles for the delivery of antibiotics81 or amphiphilic

polymers for βL triggered hydrogelation as a detection mechanism have also been devel-

oped.344 We wanted to utilize this molecular recognition to achieve a bacteria-triggered

macroscopic change for the development of hydrogels or coatings that can be applied to

larger surfaces such as wounds or medical devices and deliver encapsulated antibacterial

agents selectively, when an infection arises. The goal is to limit unnecessary exposure to

antibacterial agents and to localize their delivery to an infection site, potentially improv-

ing efficacy, reducing toxicity, and reducing susceptibility to bacterial antibiotic resistance
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development.

Hydrogels have been used extensively for a variety of biomedical applications includ-

ing treatment of wounds.85 Their high water content make them an excellent candidate

for hydrating the wound, enhancing autolytic debridement, taking up some exudate, filling

deep and irregular wounds, and allowing gaseous exchange; all important factors for wound

healing.25 Hydrogels can also be loaded with antibacterial agents to prevent development

of infections or growth factors to promote healing. Poly(ethylene glycol) (PEG) is among

the most commonly used synthetic polymers in the formulation of biomaterials, includ-

ing hydrogels.28 These hydrogels are inherently hydrophilic, bioinert, anti-protein fouling,

and non-degradable by mammalian enzymes, with minimal toxicity and inflammation in

vivo.345 PEG hydrogels thus offer a blank slate for engineering dynamic biofunctional-

ity/flexible bio-design, such as selective sensitivity to enzymes.346 The facile modification

and versatility of PEG macromers has led to diversity in chemistries utilized to form hy-

drogels; the most common are free-radical polymerization and Michael-type addition.28

The latter results in end-linking polymerization by simply mixing two components that

carry reactive functional groups, providing better control over gelation and structure defi-

nition.31 Michael addition thiol-ene chemistry proceeds at near physiological pH and tem-

peratures, with selective reactivity that prevents potential reaction with therapeutics loaded

into the hydrogels and eliminates the need for radicals, light, or toxic crosslinkers or cat-

alyzers, adding to cargo preservation.345 Studies have shown that the high efficiency of

maleimide-thiol reaction (in comparison to other Michael acceptors) resulted in hydrogels

with improved crosslinking kinetics and greater control over hydrogel mechanical prop-

erties.90 PEG hydrogels have been rendered/designed to respond to their environment by

the addition of enzyme-cleavable moieties, most commonly peptides, in the matrix’s back-

bone, for drug delivery (e.g. delivery of proteins101) and tissue engineering applications

(e.g. invasion102 and modulation347 of hydrogels by cells as their secreted enzymes cleave

matrices).
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Scheme 5.1: Schematic of formation of βL responsive and non-responsive hydrogels, and
the cleavage of the hydrogel backbone due to the hydrolysis of the β-lactam and expulsion
of the leaving group by βLs.

Here we synthesized a βL cleavable compound, that is functionalized with maleimides

on both ends, which participates as a crosslinker in thiol-ene Michael-type addition with

multi-arm thiol terminated PEG building blocks to form βL-degradable hydrogels (Scheme

5.1). In the presence of βL, the β-lactam ring is cleaved leading to the expulsion of the sec-

ond half of the crosslinker, which leads to cleavage of the matrix and degradation of the

hydrogels. In this work, we demonstrate the selective degradation of βL responsive hydro-

gels in the presence of βLs and βL producing bacteria. Nanoparticles (NPs) loaded into the

hydrogels were released solely upon hydrogel degradation in the presence of βL, indicat-

ing the potential use of this platform to control release of encapsulated antibacterial agents

from prophylactic biomaterials (e.g., bandages) only in cases where an infection arises. Our

studies also demonstrate how hydrogel composition (polymer density) and environmental

factors such as βL concentration and specificity, and bacterial growth condition (e.g., in

broth, on agar, on ex vivo porcine skin) can influence the rate of hydrogel degradation.
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5.3 Materials and Methods

5.3.1 Materials

7-amino-3-chloromethyl-3-cephem-4-carboxylic acid p-methoxybenzyl ester hy-

drochloride (ACLE) was purchased from AK Scientific (Union City, CA). 3-

maleimidopropionic acid was purchased from TCI Chemicals (Tokyo, Japan).

Aminothiophenol (ATP), triethylamine (TEA), N-methylmorpholine (NMM), anhydrous

dichloromethane (DCM), anhydrous dimethylformamide (DMF), hexanes, ethyl acetate

(EtAc), thin layer chromatography (TLC) Silica Gel 60 on glass plates, dimethyl sul-

foxide (DMSO), trifluoroacetic acid (TFA), anisole, βL from B. cereus (βL-BC; cat.#

P0389, 28 kDa, 2817.8 U/mg protein, 4.72% protein), βL from P. aeruginosa (βL-

PA; cat.# L6170, 30 kDa, 1080 U/mg protein, 1% protein), βL from E. cloacae

(βL-EC; cat.# P4524, 20-26 kDa, 0.37 U/mg protein, 56.45% protein), collagenase

from Clostridium histolyticum, phosphate buffered saline (PBS), calcium chloride dihy-

drate, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hex-

afluorophosphate (HATU), N,N-disopropylethylamine (DIPEA) were acquired from Mil-

lipore Sigma (St. Louis, MO). FluoSpheres carboxylate-modified microspheres (0.1 µm),

silica gel, tryptic soy broth (TSB), sodium azide (0.5% W/V), and SYLGARD 184 sili-

cone elastomer kit were purchased from Thermo Fisher Scientific (Waltham, MA). 4-arm-

PEG-thiol was purchased from Laysan Bio, Inc (Arab, AL), Sigma, or JenKem (5 kDa).

Deuterated acetone (acetone-d6) and chloroform (CDCl3) were obtained from Cambridge

Isotope Laboratories (Andover, MA). Nitrocefin disks were obtained from Becton Dickin-

son (Franklin Lakes, NJ). Staphylococcus aureus strains 25923, Bacillus cereus 13061, and

Pseudomonas aeruginosa 27853 were purchased from ATCC (Manassas, VA). Ultra-high-

purity nitrogen gas (99.999%; under N2) was obtained from Corp Brothers, Inc. (Provi-

dence, RI). Ultrapure deionized water (18.2 MΩ·cm, Millipore Sigma, Billerica, MA) was
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utilized in all experiments. Room temperature (RT) referred to in this article is approxi-

mately 23◦C.

5.3.2 Instrumentation

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 mass spectrometry (HRMS) electro-

spray ionization (ESI) was conducted on an Agilent 6530 liquid chromatography (LC)-MS.

Fluorescent spectroscopy were performed using a BioTek R© Cytation 3 microplate reader

(Winooski, VT), using 96-well black plates (Thermo Fisher Scientific, Waltham, MA).

5.3.3 Synthesis and characterization of βL-responsive crosslinker,
mal-β-lactam-mal

Synthesis of compound 1

The core of the βL-responsive crosslinker was synthesized similarly to previous re-

ports.80 ACLE (600 mg, 1.48 mmol) was dissolved in anhydrous DCM (20 mL) and stirred

on ice under N2. TEA (400 µL, 2.8 mmol) was slowly added in three portions over a 20

minute time period to the ACLE mixture. NMM (200 µL, 1.8 mmol) and ATP (300 mg, 2.4

mmol) were added sequentially thereafter. The reaction was stirred on ice and monitored

by TLC (30% EtAc/70% DCM). After 1 hour, the solvent was evaporated in vacuo, and

the product was purified using column chromatography (silica gel, 20% to 80% gradient

EtAC in DCM as eluent) to yield compound 1 as a white product (440 mg, 0.96 mmol, 65%

yield). HRMS-ESI: Calculated for C22H23N3O4S2
+ [M+H]+: 458.1129; Found: 458.1199.

1H-NMR (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,
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J= 4.9, 1H), 4.65 (d, J= 4.9, 1H), 4.19 - 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).

Synthesis of protected mal-β-lactam-mal, Compound 2

Compound 1 (100 mg, 0.22 mmol), 3-maleimidopropionic acid (130 mg, 0.76 mmol)

and HATU (350 mg, 0.92 mmol) were dissolved in anhydrous DMF (3 mL). The mixture

was stirred for 15 minutes under N2 at RT before adding DIPEA (227 µL, 1.3 mmol),

then the reaction was allowed to proceed for another 75 minutes and was monitored by

TLC (80% EtAc in DCM). The crude reaction was transferred to a separatory funnel and

partitioned between DCM and water to separate the layers. The DCM fraction was washed

again twice with water and once with brine, before it was dried over sodium sulfate, filtered,

and concentrated in vacuo. The product was purified by flash chromatography (silica gel,

40-80% EtAc in DCM gradient) to afford a faint yellow product (132 mg, 0.17 mmol, 80%

yield). HRMS-ESI: calculated for C36H33N5O10S2
+ [M+H]+: 760.1678; Found: 760.1746.

1H-NMR (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).

Synthesis of mal-β-lactam-mal crosslinker

Compound 2 (125 mg, 0.16 mmol) was deprotected in a solution of TFA:anisole:DCM

(42 mL total) at a 1:1:5 volumetric ratio under N2 on ice for 1.5 hours and monitored by

TLC (100% EtAc). Solvents were evaporated under reduced pressure. The deprotected

crosslinker was dissolved in acetone and then precipitated in cold dietheyl ether (8x vol-

ume) three times (centrifuged at 5,000 rpm for 10 minutes at 4◦C) (57 mg, 0.09 mmol, 54%
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yield). HRMS-ESI: Calculated for C28H25N5O9S2
+ [M+H]+: 640.1083; Found: 640.1152.

1H-NMR (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).

5.3.4 Hydrogel formation

The βL-degradable or non-degradable crosslinkers, mal-β-lactam-mal (639.11 Da) and

mal-PEG-mal (494.5 Da), respectively, were dissolved in DMSO (4x concentration). 4-

arm-PEG-thiol (20 kDa) was dissolved in 1× PBS pH 7 or in 0.1× PBS pH 4 for responsive

or non-responsive hydrogels, respectively. These buffer concentrations and pH values were

chosen to achieve similar gelation times between the two types of hydrogels. Increase in

volume due to the presence of PEG was taken into account. For NP loaded hydrogels,

100 nm carboxylate coated fluorescent polystyrene NPs were briefly sonicated, vortexed,

then added to the pre-gelation PEG solution at a final w/v concentration of 0.08% (1:20

dilution from stock solution), which is equivalent to approximately 135 × 1010 NPs/mL

or ∼6.75 × 1010 NPs per gel. Hydrogels were formed by mixing the crosslinker and PEG

at 1:1 maleimide:thiol stoichiometric ratio. PEG solutions were cooled on ice to aid in

slowing the reaction initially and allow adequate mixing before transfer to the mold to

increase uniformity/homogeneity of the hydrogels. The mixture was quickly vortexed and

50 µL was transferred into a 5 mm circular PDMS mold. Gelation occurred within minutes

but the solutions were left for 1-2 hours at 37◦C to ensure complete gelation. Hydrogels

were swollen in 2 mL of 1× PBS (pH 7.4) shaking (100 rpm) at 37◦C overnight to ensure

removal of DMSO and any surface bound NPs, and to achieve equilibrium swelling before

hydrogels were used in experiments.
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5.3.5 Hydrogel equilibrium swelling and mesh size estimation

After hydrogels were formed, they were weighed as-made. The hydrogels were then

swollen by incubation in 2 mL of 1× PBS, pH 7.4 at 37◦C with shaking (100 rpm) for 48

hours, then pat dried and their wet mass was measured (Ww). The swollen gels were dried

under vacuum at RT for 3 days, and the dry mass was weighed (Wd). The swelling ratio

(Qs) was calculated using equation 5.1. The swelling ratio was used to estimate the average

mesh size using the Peppas-Miller expression based on the Flory–Rehner theory.67,95

Qs =
Ww −W d

W d
(5.1)

5.3.6 Hydrogel degradation by βL enzymes and NP release

Swollen hydrogels were incubated with 1 mL of βL enzyme in 24-well plates shaking

(100 rpm) at 37◦C. For all βLs tested, activity was reported by the vendor and one unit (U)

was defined as hydrolyzing 1.0 µmole of benzylpenicillin per min at pH 7.0 at 25◦C. At pre-

determined timepoints, hydrogels were removed from the solution, placed onto kimwipes

to pat dry excess solution, then weighed. Simultaneously, 150 µL of the incubation solu-

tion was removed and fluorescence (excitation 580 nm, emission 607 nm) was measured

to quantify the concentration of released NPs. The solution was placed back into the in-

cubation wells for continued degradation and release. Standard curves of the NPs in PBS

were produced to determine the concentration of NP released into the enzyme incubation

solutions.
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5.3.7 Hydrogel incubation with collagenases

To test potential non-specific degradation of hydrogels by collagenases, we set up an

experiment similar to the incubation with βL as described in Section 3.6. However, 1

mM of calcium chloride (needed for collagenase activity) and 0.02% w/v sodium azide

(to prevent bacteria growth) were added to the 1× PBS, and the enzyme solutions were

refreshed every 24 hours over the course of 1 week.

5.3.8 Hydrogel degradation by bacteria

Response of hydrogels was tested when incubated with βL-producing bacteria (B.

cereus 13061311 and P. aeruginosa 2785363) and non-βL-producing bacteria (S. aureus

25923322,323). For all assays, swollen responsive and nonresponsive hydrogels were steril-

ized via exposure to ultraviolet light in a Nuaire Class II Type A2 biosafety cabinet for 15

minutes.

To test hydrogel degradation by bacteria in solution, NP loaded hydrogels were placed

in 12-well plates and 3 mL of 1 × 107 colony forming units (CFU)/mL bacteria in tryptic

soy broth (TSB) was added. Controls included solutions of bacteria only, media only, and

hydrogels in media only. Over time, digital images of the hydrogels in the wells were taken

from the bottom of the plate, and subsequently 100 µL of the solution was removed and the

fluorescence (excitation 580 nm, emission 607 nm) was measured to quantify NP release.

Standard curves of the NPs in TSB were produced to determine the concentration of NP

in the bacterial incubation solutions. The determined concentration was multiplied by the

volume of incubation solution remaining to calculate the amount NP in the solution, and

then that was normalized to the amount measured in the solutions after complete hydrogel

degradation.
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To test bacteria mediated degradation in a more dry environment, LB agar plates were

streaked three times with cotton swab soaked into a solution of 1 × 108 CFU/mL bacteria,

then hydrogels were placed on the infected agar and incubated at 37◦C. Digital images of

the hydrogels were taken daily.

We also tested responsiveness of hydrogels on infected ex vivo porcine skin. Cleaned,

shaved, and frozen porcine skin was purchased from a butcher. The tissue was sterilized

by soaking in 70% ethanol for 30 minutes then soaked in fresh 1× PBS three times before

it was streaked three times using a cotton swab soaked into a solution of 1 × 107 CFU/mL

bacteria. The hydrogels were placed on the infected tissue and then incubated at 37◦C.

Digital images of the hydrogels were taken daily.

5.3.9 Statistical analysis

Results are reported as mean ± standard deviation whenever appropriate. All exper-

iments were repeated with three or more samples. Statistical significance was calculated

using one-way and two-way analysis of variance (ANOVA; α = 0.05) with Tukey’s post-

hoc analysis on GraphPad PRISMTM. A value of p <0.05 was considered statistically

significant (*, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001)

5.4 Results and Discussion

5.4.1 Synthesis and Characterization of Hydrogels

To engineer βL-degradable hydrogels, we synthesized a βL-cleavable cephalosporin

that is functionalized on both ends with maleimides (mal-β-lactam-mal) which can partic-

ipate as a crosslinker in thiol-ene mediated PEG hydrogel polymerization, thus incorpo-

rating the responsive element in the backbone of the hydrogel’s matrix, as illustrated in
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Scheme 5.2: Synthesis scheme of the βL-cleavable crosslinker.

Scheme 5.1. The βL-cleavable β-lactam compound 1 has been previously reported and

incorporated as the core of different compounds for the detection60,63 and treatment of in-

fections.80 Aminothiophenol (ATP), which is conjugated at the 3’-C site of ACLE (Scheme

5.2), acts as a leaving group that is expelled in the presence of βLs (as suggested in Scheme

5.1). The resulting compound has two amines, one on each half of the compound, which

we functionalized with maleimides by conjugating 3-maleimidopropionic acid via amida-

tion (forming compound 2). Post-functionalization with maleimides, the carboxylic acid

on the β-lactam, which is an enzyme-substrate recognition site for some βLs,348 was de-

protected by the removal of the p-methoxybenzyl protecting group, resulting in the respon-

sive crosslinker, mal-β-lactam-mal. 1H NMR and HRMS confirmed the synthesis of the

crosslinker (see Methods and Figures S1-3). To formulate non-βL-degradable control hy-

drogels, PEG functionalized with maleimides (mal-PEG-mal) was used as a crosslinker

in place of mal-β-lactam-mal. The MW of mal-PEG-mal (494 Da) was chosen due to its

similarity to that of the cephalosporin crosslinker (639 Da) to achieve comparable mesh

size and physical properties among the responsive and non-responsive hydrogels, reducing

unintended differences between the two type of hydrogels, other than the designed degrad-

ability of mal-β-lactam-mal crosslinked hydrogels.

The hydrogels were formed by mixing an equimolar ratio of thiols on the 4-arm-PEG-

thiol to maleimides on the mal-β-lactam-mal or mal-PEG-mal crosslinkers. However,

we observed that the two types of hydrogels demonstrated different crosslinking kinet-

ics, which we hypothesize was due to the difference in the microenvironment of PEG thi-

ols in the vicinity of the β-lactam versus PEG crosslinkers. Previous studies have shown

that modulating the pKa of the thiol could be achieved by placing positively or negatively
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charged amino acids in close proximity to the thiols in a peptide sequence, either to in-

crease the rate of slow acrylate-thiol Michael-type reactions92 or to slow down the efficient

maleimide-thiol reactions,93,94 respectively. The β-lactam’s carboxylic acid likely increases

the pKa of the thiols on the PEG arms, reducing the maleimide-thiol reaction rate between

4-arm-PEG-SH and the responsive cross-linker compared to the non-responsive crosslinker.

An alternative explanation could be the lowered accessibility of the thiols to the maleimides

on the β-lactam crosslinker, due to lower flexibility or increased hydrophobicity compared

to PEG crosslinker.

Other ways the reactivity of the thiols can be modulated is through buffer strength and

pH. These parameters have been investigated to slow down the highly efficient maleimide-

thiol reaction enough to allow sufficient mixing of components to form uniform hydro-

gels.93,94 Studies have shown that gelation conditions drastically influence properties of the

resulting hydrogel, both microscopic94 and macroscopic, such as swelling and stiffness,92

but that unlike stoichiometric ratio and polymer density, pH and buffer concentration did

not have as large of an effect on these properties.92,94 Decreasing the pH decreases the

availability of the reactive species, the thiolates (deprotonated sulfhydryl group), based on

the Henderson-Hasselbalch equation. However, too slow of a reaction rate could decrease

crosslinking efficiency, leading to more defects, and consequently larger mesh size, higher

swelling, and reduced mechanical integrity.91,92 Therefore, we empirically determined PBS

concentration and pH for each type of hydrogel individually to allow appropriate time for

mixing and transfer to molds before gelation starts. As shown in Table 5.1, the resulting re-

sponsive and non-responsive hydrogels had similar swelling ratios (∼18) and average mesh

sizes (∼5 nm) (estimated using the Peppas-Miller modified expressions of the Flory-Rehner

equation67,95), as expected given the similar MW of the two crosslinkers. Furthermore, the

data suggests similar crosslinking efficiency under the chosen conditions.

To investigate the potential of this platform for selective, controlled antibiotic delivery,
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Hydrogel Swelling ratio Mesh size (nm)

10% R 19.30 ± 2.27 5.10 ± 0.27
10% R + NP 17.90 ± 0.71 4.93 ± 0.09
10% NR 18.05 ± 0.78 4.93 ± 0.11
10% NR + NP 17.54 ± 0.42 4.94 ± 0.06

Table 5.1: Hydrogel swelling ratio and mesh size of responsive (R) and non-responsive
(NR) hydrogels with (+ NP) or without NP loading. Data presented as average ± standard
deviation; n = 3.

we loaded the hydrogels with fluorescent nanoparticles (NPs) as a model cargo. Given

that most antibiotics are smaller in size than the hydrogels’ average mesh size, we envi-

sioned encapsulating antibacterial agents in a secondary carrier such as NPs that are larger

than the hydrogel’s mesh size and would prevent uncontrolled release of the therapeu-

tic, and ensure triggered release only upon matrix cleavage by βLs. We mixed 100 nm

fluorescent polystyrene NPs (∼20-fold larger than estimated average mesh size) with the

pre-polymer solution to physically entrap the NPs into the hydrogel mesh during gelation

(Figure S4), and then monitored their release into incubation solutions (using fluorescence

spectroscopy) as the hydrogels degraded. To investigate some of the potential effects of NP

incorporation on hydrogel properties, we measured hydrogel degree of swelling and mesh

size with and without NP incorporation. We found that addition of the NPs had no effect

on either hydrogel property (Table 5.1).

5.4.2 β-lactamase Triggered Hydrogel Degradation and Nanoparticle
Release

To test the triggered degradation of hydrogels and release of NPs, responsive and non-

responsive NP-loaded hydrogels were incubated with βL from Pseudomonas aeruginosa

(PA). Figure 5.1a includes images of the progression of degradation of a responsive hy-

drogel incubated with βL, while the non-responsive hydrogel showed no change in size or

morphology, indicating selective cleavage of the β-lactam crosslinker. To further investi-
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Figure 5.1: βL-triggered hydrogel degradation and NP release. (a) Digital pictures over
time of responsive (R) and non-responsive (NR) NP-loaded hydrogels incubated with
50 U/mL βL from PA. The dotted circular overlay represents the hydrogel’s original
shape/size. Images are representative of three repeats. (b) Normalized wet mass and NP
release from R and NR hydrogels with alternating incubation in solutions of 50 U/mL βL
from P. aeruginosa (grey regions; + βL) or in PBS only (white regions; - βL) for 1 hour
per incubation. (c) Normalized NP release as a function of normalized wet mass loss (each
data point represents the same timepoint). Wet mass is normalized to initial mass after
swelling and before addition of enzymes. NP release at a particular timepoint is normal-
ized to the NP released at complete hydrogel degradation. Data presented as average ±
standard deviation; n = 4. Statistical significance was tested using two-way ANOVA and
Tukey’s post-hoc analysis comparing consecutive timepoints; * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < 0.0001.

gate the specificity of the hydrogel responsiveness, we wanted to incubate the hydrogels

with other enzymes that could potentially be found in a wound environment. Collagenases,

which cleave peptides in collagen, are produced by bacteria like P. aeruginosa349 as a vir-

ulence factor, but also by mammalian cells during tissue remodeling and wound healing

(such as matrix metalloproteinases (MMPs)).350 Figure S5 demonstrates that both respon-

sive and non-responsive hydrogels did not degrade when incubated with 0.1 or 1 mg/mL

collagenase for a week, supporting specificity of hydrogel degradation. Responsive hydro-
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gels did swell slowly over time however this is not expected to be due to the collagenase

considering there was no significant difference in swelling between hydrogels incubated

with 0.1 or 1 mg/mL collagenase; additionally no NP release was detected in any of the

solutions.

We wanted to also investigate the feasibility of a triggered on-off response of these hy-

drogels, where degradation and cargo release would seize if the infection was cleared and

βLs were no longer present, and would be re-initiated if an infection recurred. Therefore,

we alternated incubating the hydrogels in solutions of βLs and blank 1× PBS every hour.

Change in hydrogel wet mass as well as NP release into the solutions was measured at each

solution change. Figure 5.1b shows the stability of the non-responsive hydrogels, given no

change in their wet mass observed over the experimental timescales. On the other hand,

responsive hydrogels degraded in the presence of the βL, as demonstrated by the decrease

in wet mass over time. The hydrogels did exhibit an on-off response when the enzyme

was introduced or removed, respectively, which has also been demonstrated in other en-

zyme degradable hydrogels.101 This effect was especially apparent in the earlier timepoints

where changes in wet mass and NP release were occurring at a higher rate due to higher

surface area. During incubation in buffer alone, any change in mass or NP release that

occurred after the incubation was not statically significant from the previous timepoint. NP

release from responsive hydrogels into the surrounding solution tracked hydrogel degra-

dation rates, which is demonstrated clearly when the fractional NP release is plotted as a

function of fractional mass loss in Figure 5.1c. These results indicate that NP release was

solely degradation dependent. There was no detectable NP release from non-responsive

hydrogels (fluorescence was below detection limit), further confirming the entrapment of

NPs within the hydrogel matrix and release only upon degradation, indicating the potential

of this platform to prevent uncontrolled release and achieve enzyme-triggered release of

antibacterial agents.
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Hydrogel degradation rates of enzyme-responsive hydrogels are dependent on enzyme

concentration, degradation kinetics and concentration of the enzyme-labile moiety in the

matrix, and polymer crosslinking density.101,102 An increase in βL concentration led to

more rapid degradation of the βLs responsive hydrogels, where 50 and 30 U/mL of βLs

from PA resulted in complete degradation within approximately 4 and 8 hours, respectively

(Figure 5.10). To probe the effect of enzyme specificity and efficiency in cleaving the β-

lactam linker and degrading the hydrogel, we incubated the hydrogels with βLs collected

from three different bacteria, from Bacillus cereus (BC), P. aeruginosa (PA), and Enteroc-

cocus cloacae (EC). Different concentrations of these enzymes in terms of their enzymatic

activity towards benzylpenicillin (one unit (U) is defined as hydrolyzing 1 µmole of ben-

zylpenicillin per min at pH 7.0 at 25◦C) were chosen to achieve complete degradation in a

few hours. The hydrogels degraded within 5 hours when incubated with 1 U/mL βL from

EC, 8 hours with 30 U/mL βL from PA, and 9 hours with 400 U/mL with βL from BC (Fig-

ure 5.2). It was interesting that very different concentrations of the three βLs were required

to achieve complete degradation in these time scales. The different degradation rates could

result from differences in enzyme access to the β-lactam based on enzyme active site prop-

erties or hydrolysis catalytic efficiency. Different enzymes have different specificity and

activity towards different antibiotics and β-lactam containing compounds.351 For example,

class C βLs are known to have a larger pocket size compared to other classes of βLs and

could potentially accommodate polymers or bulky compounds near the β-lactam ring.63

This property was exploited to achieve selective detection of class C βLs over other classes

(such as class A βLs) using βL-responsive fluorescent compounds.63 More studies are un-

derway to investigate cleavage kinetics of the crosslinker and hydrogels by different types

of βL to better understand and investigate potential changes in the β-lactam compound

structure to allow recognition and efficient hydrolysis by a larger range of βLs.

For all degradation studies, an overall decrease in the rate of hydrogel degradation is

observed over time, suggesting mass loss kinetics are proportional to the hydrogels’ sur-
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face area, and in turn suggesting surface erosion of hydrogels as opposed to bulk degrada-

tion.97,352 Surface erosion is common in chemically degradable crosslinked PEG hydrogels,

where enzyme hydrodynamic diameter is typically on the order of magnitude of the hydro-

gels’ mesh size, which prevents or slows down enzyme penetration and diffusion into the

hydrogel.101 Based on crystallography studies, a class C 39 kDa βL was found to be ∼6 ×

5 × 4 nm in size,353 which is close to our hydrogels’ estimated average mesh size of ∼5

nm.

Figure 5.2: Hydrogel degradation and NP release by different βLs. Normalized wet mass
and NP release from responsive (R) and non-responsive (NR) hydrogels incubated with
βLs from (a) EC (1 U/mL), (b) PA (30 U/mL), and (c) BC (400 U/mL) over time. Wet
mass is normalized to initial mass after swelling and before addition of enzymes. NP
release is normalized to the fluorescence detected in the solutions after complete hydrogel
degradation. Data presented as average ± standard deviation; n = 4.

Another parameter that could affect hydrogel degradation rate is polymer density; there-

fore, we investigated the degradation of hydrogels assembled with 5, 10, or 15% weight per

volume (w/v) PEG. Higher PEG content led to slower degradation, with complete degra-

dation by βL from PA achieved in approximately 13, 8, 3.5 hours for 15, 10, 5% w/v

hydrogels, respectively (Figure 5.3a). Similar decrease in hydrogel degradation rates with

increase in PEG concentration has been reported for other enzyme degradable PEG hy-

drogels, and has been associated with higher crosslinking density, smaller mesh size and

reduced swelling.92,354 As expected, change in polymer density affected hydrogel degrada-

tion rates but did not compromise the triggered NP release, as shown by the linear fit of

fractional NP release plotted against fractional hydrogel mass loss in Figure 5.3b.
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Figure 5.3: Effect of PEG content on hydrogel degradation rate. (a) Normalized wet
mass and NP release from responsive (R) and non-responsive (NR) hydrogels with different
PEG w/v% (5, 10, 15%) incubated with βL from P. aeruginosa (PA; 30 U/mL) over time.
(b) Normalized NP release as a function of normalized wet mass loss (each data point
represents one timepoint). Wet mass is normalized to initial mass after swelling and before
addition of enzymes. NP release is normalized to the fluorescence detected in the solutions
after complete hydrogel degradation. Data presented as average ± standard deviation; n =
4.

5.4.3 Bacteria triggered hydrogel degradation and nanoparticle re-
lease

βL degradable and non-degradable hydrogels loaded with fluorescent NPs were in-

cubated in solutions of βL-producing (B. cereus 13061311 and P. aeruginosa 2785363)

and non-βL-producing bacteria (S. aureus 25923322,323) in their logarithmic growth phase.

When incubated with B. cereus, the hydrogels degraded (as demonstrated by their decrease

in size over time as shown in Figure 5.11), and NP release in the bacteria solutions (mon-

itored via their fluorescence) increased as shown in Figure 5.4a. When incubated with P.

aeruginosa, degradation of responsive hydrogels was completed within ∼42 hours (not

shown), but NP release measurements were not possible due to the viscosity of P. aerugi-

nosa solutions and their release of fluorescent metabolites such as pyocyanin355,356 which

could interfere with NP detection. On the other hand, no changes in hydrogel size or

morphology were apparent, nor any NP release detected, during incubation with non-βL-
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producing bacteria, S. aureus. Similarly, no changes were detected in non-responsive hy-

drogels incubated with any of the three bacteria strains. These results further confirmed the

selective degradation of the responsive hydrogels by βLs.

Figure 5.4: Hydrogel degradation by βL-producing bacteria. Normalized NP release from
responsive (R) and non-responsive (NR) hydrogels incubated (a) in solutions of B. cereus.
Data is presented as average ± standard deviation; n = 3. Statistical significance was tested
using one-way ANOVA and Tukey’s post-hoc analysis comparing consecutive timepoints;
**** p < 0.0001. Images of unloaded R and NR hydrogels incubated on (b) agar infected
with B. cereus (after 21 hours) or P. aeruginosa (after 8 days), or (c) on porcine ex vivo
skin tissue infected with P. aeruginosa on day 0 (top) and day 7 (bottom).

To investigate hydrogel degradation in a drier environment, which would be more

mimetic of a wound than shaking in solution, hydrogels were incubated on infected agar.

Similar to the results seen in bacterial solutions, responsive hydrogels degraded on agar

infected with B. cereus and P. aeruginosa, while non-responsive hydrogels did not (Figure

5.4b). Surprisingly the degradation of the hydrogel by B. cereus on agar was faster than in

solution (within ∼21 hr versus in ∼30 hrs, respectively). However, the degradation of the

hydrogels was much slower by P. aeruginosa on agar (Figure 5.12) than in solution (∼8

days versus ∼42 hr, respectively). The green-blue color seen in the hydrogels is likely the

pyocyanin secreted by P. aeruginosa,355,356 which typically changes the color of media and

agar, and seems to diffuse into the hydrogels. We had anticipated a slower degradation rate

on agar and tissue than in solutions, as seen with P. aeruginosa but not B. cereus, due to

the degradation front being limited to only one side of the hydrogel (assuming surface ero-

sion). Additionally, static, drier conditions could lower diffusion of enzymes and clearance

of degradation products from the surface of hydrogels compared to incubation in solution
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with shaking. However, other factors such as media357,358 and incubation conditions could

affect the bacterial growth rate and enzyme production.

Furthermore, to more closely mimic a tissue infection, we tested the degradation of hy-

drogels on infected ex vivo porcine skin, which is commonly used as a model to study

wound infections.359 As shown in Figure 5.4c, degradation of responsive hydrogels on

porcine skin was slower than in solution, but, interestingly, degradation induced by P.

aeruginosa was faster (∼6 days) than by B. cereus (∼9 days, not shown), in contrast to

what was observed in solution and on agar. One potential reason for faster degradation by

P. aeruginosa might be higher growth rates of bacteria, which has been observed on an

ex vivo human skin model infected with P. aeruginosa PAO1,349 potentially resulting in a

higher concentration of βLs. This high growth rate is hypothesized to be due to P. aerug-

inosa’s secretion of proteases such as collagenase, as mentioned earlier, that can cleave

collagen abundant in the dermis and convert it into nutrients.349 Again, non-responsive

hydrogels remained stable, demonstrating the selective degradability of the hydrogels by

βL-producing bacteria even when grown under different conditions. The differences in

hydrogel degradation rates based on the strain of bacteria and the culture conditions war-

rants further investigation and in vivo testing to better mimic wound infections in terms of

bacterial density and growth rate and secreted βL types and concentrations.

5.5 Conclusions

A βL cleavable cephalosporin was functionalized with maleimides on both of its halves

and used as a crosslinker in the synthesis of hydrogels by end-crosslinked polymeriza-

tion with multiarm thiol-terminated PEG macromers via Michael-type addition. The βL-

degradable hydrogels degraded in the presence of βLs extracted from three different bacte-

ria, exhibiting a decrease in wet mass over time accompanied with the release of fluorescent
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polystyrene NPs loaded into the hydrogels as model cargo. The NP release tracked hydro-

gel degradation rates indicating degradation controlled release. Hydrogels incubated in

collagenase, a common peptidase found in infected and non-infected wounds, did not de-

grade the hydrogels or release NPs. Control hydrogels lacking the responsive moiety also

remained stable and did not release any detectable NPs into the surrounding βL solution,

suggesting selective degradation of the responsive hydrogels by βLs. Responsive hydrogels

also degraded in the presence of βL-producing bacteria but remained stable if they lacked

the degradable motif or were incubated with non-βL-producing bacteria. Degradation rates

differed based on bacteria strain (B. cereus vs. P. aeruginosa) and growth conditions (in

solution, on agar, or on ex vivo porcine skin), which is likely correlated to the type and

concentrations of βL secreted. The degradable hydrogels also demonstrated an on-off re-

sponse when βLs were added or removed, respectively, supporting their triggered nature.

These hydrogels have the potential to be used as injectable or pre-molded hydrogels for

the bacteria triggered release of antibacterial agents, to reduce unnecessary exposure, lo-

calize delivery, and reduce off-site toxicity, potentially reducing susceptibility to bacterial

antibiotic resistance development. Current studies include loading an antibacterial agent

and testing the rate of hydrogel degradation and drug release in infected and non-infected

clinical wound exudate. These studies will inform the drug loading needed for accurate

dosing based on degradation rates.

5.6 Supplemental Information
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Figure 5.5: 1H-NMR spectrum of compound 1 (CDCl3, 400 MHz).
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Figure 5.6: 1H-NMR spectrum of compound 2 (acetone-d6, 400 MHz).
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Figure 5.7: 1H-NMR spectrum of the crosslinker, mal-β-lactam-mal (acetone-d6, 400
MHz).

Figure 5.8: Confocal microscopy images of blank or NP-loaded, swollen hydrogels taken
with a 25× water immersion objective using a 561 nm laser and 570 - 620 nm filter.
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Figure 5.9: Incubation of hydrogels in collagenases. Normalized wet mass of responsive
(R) and non-responsive (NR) hydrogels incubated with 0.1 or 1 mg/mL of collagenases
over time. No NP release was detected. Data presented as average ± standard deviation; n
= 3.
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Figure 5.10: (a) Normalized wet mass and NP release from responsive (R) and non-
responsive (NR) NP-loaded hydrogels incubated in solutions of 30 or 50 U/mL βL from
P. aeruginosa. 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. Data presented as average ± standard deviation; n = 3 or
4.

Figure 5.11: Digital images over multiple hours (from the bottom of the well plates) of
responsive (R) and non-responsive (NR) NP-loaded hydrogels incubated with solutions of
B. cerues at 37◦C shaking at 100 rpm. The dotted circle overlay outlines the hydrogel’s
edge. Images are representative of three repeats. Note: The solution at 0 hours seems clear
because at 1 × 107 CFU/mL, the media is not cloudy yet. The last image is at 30 hour after
the bacteria solution has been removed for clearer view of hydrogels in the wells.
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Figure 5.12: Digital images over multiple days of responsive (R) and non-responsive (NR)
hydrogels incubated on agar streaked with P. aeruginosa at 37◦C. Images are representative
of one (skin) or two (agar) repeats.
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Chapter 6

Conclusions
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In this thesis we developed biomaterials for effective prevention, detection, and treat-

ment of bacterial infections. The focus was on polymeric antibacterial coatings and βL

responsive materials for the detection and effective treatment of antibiotic resistant bacte-

ria infections. Below is a summary of the conclusions and a discussion of future steps and

perspectives.

6.1 Polymeric Antibacterial Coatings

6.1.1 Conclusions

In chapter 2, we discussed the advantages that LbL self-assembly, with its versatility

and modularity, can bring to the design of drug delivery systems for different biomedical

applications. The focus of chapter 2.6 is LbL assembled biomaterials for bacterial infec-

tion prevention and treatment. We wanted to develop coatings that incorporated many of

the advantageous properties reported. Therefore, we chose PLL as an antibiotic alternative,

HA as a hydrophilic polyanionic polysaccharide, and LbL as a technique to form dynamic

multilayer films (chapter 3). These films successfully inhibited planktonic bacterial growth

(>99.8% inhibition) and reduced attachment to the coated surface (by ∼60–70% compared

to non-film-coated surfaces) through anti-adhesive properties, contact killing, and release

of PLL into the surrounding solution. This was the first study demonstrating the inher-

ent antibacterial efficacy of (PLL/HA) films without any modification or incorporation of

additional antibacterial therapeutics. They were effective in inhibiting the growth of both

gram-positive (S. aureus, methicillin resistant S. aureus) and gram-negative (P. aeruginosa,

E. coli) bacteria. By investigating the differences between films assembled using PLL of

three different MWs, our studies revealed that the mobility of PLL within the films results

in extended PLL release providing long-term antibacterial efficacy at certain PLL MWs.

We found that even though the highest MW PLL examined resulted in more stable films,
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these films were only effective over 24 hours, while films assembled with lower MW PLL

could be used to inhibit growth over multiple bacterial exposures. High MW reduced PLL

mobility limiting the fraction of PLL that can diffuse from the film to interact with bacteria.

When PLL MW was low enough to allow its diffusion throughout the entirety of the film,

there was a larger reservoir of mobile PLL that could be released over time; in this case,

film dissolution timescales dictated the number of possible repeated uses (up to 5 uses for

low MW PLL and up to 13 uses for medium MW PLL).

6.1.2 Future Perspectives

The different advantages of high and low MW PLL, such as more stable films and ex-

tended PLL release, respectively, could potentially be combined to provide longer lasting

and/or slower releasing films. This warrants investigation into the effects of combining

different MW PLL into one film. Assembly conditions, and whether different MW PLL

are mixed together or incorporated at different stages of film assembly, will need to be op-

timized to control PLL loading into the film. For certain polyelectrolytes, a mixture of high

and low MW polymer in the same deposition solution for short deposition times, could lead

to low MW polymer outcompeting the high MW polymer and making up a higher portion

of the polymers in the resulting film, due to their higher mobility. Alternatively, when dif-

ferent MW polymers are added at different assembly steps, due to the dynamic nature of

LbL assembly, higher MW polymers can strip off or exchange lower MW polymers when

the film is incubated in the solution of high MW polymer.138 Assembly parameters such as

solution ionic strength and deposition time can be regulated to achieve desired film archi-

tectures.138,360 Similarly different types of antibacterial polymers with different MWs and

structures could be incorporated into the films, such as antibacterial peptides, polymeric

quaternary ammonium compounds, chitosan, etc., potentially providing synergy. Even

antifungal peptides could be added for the prevention and treatment of polymicrobial in-

153



fections.

This approach of combining different MW polymers may potentially be used for tem-

porally controlled release of different therapeutics from the same film. Multiple types of

polymers could be used such as those that are functional themselves (like polycations as

antimicrobials or for DNA transfection), or polymers with drugs tethered50 or encapsulated

within a polymeric host.158 Consequently, these types of films could be utilized for most

drug delivery application which benefit from temporal release of drugs, like delivery of an

antibiotic followed by a growth factor for wound healing,179 or a cancer drug resistance

inhibitor followed by a chemotherapeutic.198 These films can be used to assemble coatings

on wound dressings, sponges, implants, other medical devices, or even to form hollow or

coated NPs.

Other lessons gained from our studies were related to non-specific protein attachment

of high MW polycations in LbL films. In vivo studies will be valuable to further inform

the effects of proteins found in both infected and non-infected tissue on the films’ antibac-

terial efficacy. This is important since our preliminary studies on fibronectin attachment

and comparison of preincubation in 1× PBS versus bacterial broth demonstrated that the

highest MW PLL promoted protein adhesion which could have contributed to loss of an-

tibacterial efficacy after 24 hours for this set of films. In fact, protein fouling is a major

issue for almost all biomaterials for different applications, and the understanding that poly-

mer MW and charge density influences the degree of protein adhesion could help mitigate

this issue during the design process.
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6.2 β-lactamase Responsive Biomaterials

6.2.1 Conclusions

Bacteria Diagnostic Biomaterials

In our initial efforts to synthesize a chromogenic βL substrate-polymer conjugate to

be incorporated into biomaterials, we attached PEG to a commercially available substrate,

CENTA. However, that resulted in loss of the βL responsive color change, which we expect

is due to modification of the β-lactam carboxylate, which is an enzyme recognition site348

and/or the carboxylate on the chromophore, affecting its color change once expelled. This

motivated us to synthesize our own substrate which contains a chromophore lacking reac-

tive groups and a maleimide functional group on the other end to allow facile attachment

to polymers, while the β-lactam carboxylate remains protected during all chemical modifi-

cations. Using this approach, (chapter 4), we conjugated the substrate to both short linear

and high MW multi-arm PEG while maintaining the substrate’s responsiveness to βLs.

Our product demonstrated a color change from clear to yellow in the presence of differ-

ent βLs as well as βL-producing gram-positive (B. cereus), and gram-negative bacteria (P.

aeruginosa, E. cloacae), but not when incubated with non-βLs producing bacteria (E. coli

DH5-α). Similarly, PEG hydrogels with the βL substrate tethered to the polymeric back-

bone demonstrated this color change in the presence of βL, while control non-responsive

hydrogels did not. One advantage of this approach is that conjugating the substrate to

the polymer helps sequester the indicator compound within the biomaterial, preventing

its release before it is needed. Additionally, our maleimide-β-lactam compound can be

conjugated to polymers other than PEG, such as HA or gellan, to form a wide array of

biomaterials. To our knowledge, this is the first time that a βL substrate has been conju-

gated to a polymer for direct and facile point-of-care colorimetric detection of infections
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by βL-producing bacteria.

Bacteria Degradable Hydrogels

A βL cleavable cephalosporin was functionalized with maleimides on both of its halves

and used as a crosslinker in the synthesis of end-crosslinked hydrogels with multiarm thiol-

terminated PEG macromers via Michael-type addition. The βL-degradable hydrogels de-

graded in the presence of βLs extracted from three different bacteria, demonstrating a de-

crease in wet mass over time accompanied with the release of fluorescent polystyrene NPs

loaded into the hydrogels as model cargo. The NP release tracked hydrogel degradation

rates indicating degradation controlled release. Hydrogels incubated in collagenase, a com-

mon peptidase found in infected and non-infected wounds, did not degrade the hydrogels

or release NPs. Control hydrogels lacking the responsive moiety also remained stable and

did not release any detectable NPs into the surrounding βL solution, suggesting selective

degradation of the responsive hydrogels by βLs.

The βL responsive hydrogels also degraded and released NP when incubated with βL-

producing bacteria but remained stable with non-βL-producing bacteria. When tested un-

der three different bacterial growth conditions (in solution, on agar, on ex vivo porcine

skin), in an attempt to mimic various infection or wound environments, hydrogel degra-

dation rates differed by different bacteria and under different conditions. The obvious dif-

ferences in the three bacterial assays is the hydrated environment with shaking versus dry

static incubation. With the first we would expect higher diffusion rates of the enzymes to

the hydrogel, and faster clearance of the PEG degradation products from the surface of the

hydrogel, potentially improving access of enzymes to the hydrogel. The other difference,

under the assumption of surface erosion, is that degradation of the hydrogel proceeds from

only one plane when incubated on agar or skin tissue versus from all surfaces when incu-

bated in solution. However, there are other factors, requiring further investigation, which

156



affect bacteria growth rate and enzyme type and production rate, such as nutrients (type of

media or tissue),357,358 solution versus agar culture, static versus shaking, bacterial density

(potentially affecting quorum sensing361). For example, an interesting observation was that

the rate of degradation of hydrogels by B. cerues on agar was faster than in solutions. An-

other observation was that hydrogels incubated on porcine skin degraded faster when the

skin was infected with P. aeruginosa than with B. cereus, which was opposite to what was

seen in solution or on agar. This could potentially be explained by the faster growth and

perhaps higher βL production by P. aeruginosa due to their release of collagenases which

convert collagen abundant in skin into nutrients.349

Prior to the development of these responsive hydrogels, we first optimized gelation con-

ditions gaining multiple insights. Initial approaches were to conjugate the βL responsive

moiety to acrylate functionalized PEG chains to utilize the commonly used free-radical

polymerization technique to form the hydrogels. However, after multiple attempts using

different conjugation chemistry and reaction conditions, we hypothesized that differences

in the size and hydrophilicity of the PEG (5 or 10 kDa) and βL cleaveable β-lactam com-

pound (∼400 Da) was preventing the attachment of two PEG chains per β-lactam com-

pound; once one PEG is attached, it potentially aggregates around the hydrophobic com-

pound and steric hindrance prevents attachment of a second PEG to the other side. There-

fore, we investigated forming micelles from this seemingly amphiphilic conjugate with a

cleavable cephalosporin on one end (appendix chapter A). Using thin film hydration we

formed NPs that encapsulated the untethered β-lactam compound as a model cargo. We

envisage loading the NPs with antibiotics that are similar in structure to β-lactam com-

pound and would assemble in the hydrophobic core, resulting in NPs with a PEG shell for

the delivery of antibiotics. These NPs could potentially also demonstrate βL responsive

disassembly due to the cleavage of the β-lactam compound, leading to triggered release of

the antibiotic. To develop the responsive hydrogels, we searched for an alternative gela-

tion approach and turned to end-linked polymerization (chapter 5), where the thiol termi-
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nated 4-arm-PEG macromer was mixed with the maleimide functionalized βL-degradable

crosslinker during gelation. The hydrophobic crosslinker was not soluble in PBS but was

soluble in DMSO, which is miscible with water, and the 25% of DMSO/PBS in the pre-

gelation mixture did not affect gelation. With this approach and the rapid thiol-maleimide

reaction, there were no issues of steric hindrance and gelation proceeded successfully.

6.2.2 Future Perspectives

The in situ gelation mechanism of the hydrogels discussed here can be used to formu-

late injectable hydrogels (e.g., into bone fractures104) and hydrogels that fill in irregular

deep wounds.362 However, conjugation of the substrates to polymers, as we have shown,

allows the synthesis of different types of biomaterials other than hydrogels, such as NPs

and films, as well as combining them with existing polymeric wound treatments to develop

multifunctional therapeutics with convenient application to injury sites. For the diagnostic,

the conjugate could also be covalently attached to surfaces or sprayed onto a surface to

visually detect or test for infections on hospital surfaces or biomedical devices. In these

cases, the diagnostic biomaterials could benefit from a more dramatic and distinguishable

color change, which may be achieved by changing the chromophore attached at the C-3’

position of the cephalosporin.

For βL degradable hydrogels, one of the main next steps is loading an antibacterial

therapeutic and testing its release and activity against βL-producing bacteria. The loaded

drug must remain entrapped in the hydrogel until the hydrogel is triggered to degrade and

the drug must be effective against βL-producing bacteria. A promising approach would be

to load NPs larger than the average mesh size, similar to the fluorescent polystyrene NPs

we had loaded. These NPs could be carriers for antibiotics such as liposomes363 and mi-

celles364, or have antibiotics conjugated to the surface (e.g., gentamicin365 or vancomycin366

functionalized NPs), or the NPs could be inherently antibacterial, such as cationic NPs (e.g.,
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chitosan NPs367), or metallic NPs (e.g., silver NPs368). To advance these hydrogels even fur-

ther, other types of therapeutics could be incorporated, in addition to antibacterial agents,

to develop multifunctional treatments. For example, growth factors have been loaded and

released from similar PEG hydrogels,31 exhibiting preserved activity, so a combination of

antibiotics and growth factors could be loaded to promote both wound healing and infection

prevention and treatment. Given the modularity of the gelation mechanism, other cleavable

motifs can be easily incorporated to provide hydrogels with dual or multi-responsive prop-

erties. However, portions of hydrogels loaded with antibacterials versus growth factors

need to be separated to maintain purely βL-controlled release of antibiotics. 3D printing

is one approach that could be used to form the stratified hydrogels.369 Another interesting

avenue would be encapsulation of probiotics, which have a gained a lot of attention as an

alternative treatment to antibiotics to treat antibiotic resistant infections. Since Michael

addition crosslinked hydrogels have shown positive results in encapsulation and delivery

of mammalian cells from hydrogels via enzyme responsive cleavage of the matrix,102,345,347

we might expect similar results for βL triggered release of bacterial cells.

There still remain a number of tests needed to optimize the βL responsive systems

to ensure their efficacy in vivo. For both diagnostic and degradable biomaterials, gaining

a better understanding of substrate hydrolysis kinetics by different types and classes of

βLs is essential. The purified βLs and βL-producing bacteria used in our studies were

commercially available and represent a range of βLs from gram-positive and gram-negative

bacteria, but they are not thoroughly characterized. Therefore, current ongoing studies

include the use of strains of bacteria transformed with plasmids of classified βLs (including

the host strain that does not produce βLs as a control), as well as clinically relevant bacterial

strain with characterized βLs. These studies will be important to better understand the

specificity of the responsiveness. Ideally, the hydrogels would degrade selectively by βLs

but by a wide range of βL classes.
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Similarly, more extensive testing of nonspecific cleavage of the substrates by other

enzymes that might be present in a wound is needed. As mentioned earlier, the hydrogels

did not degrade in the presence of collagenases which are commonly found in infected and

non-infected wounds and can cleave peptides. Preliminary testing using other enzymes

secreted by microbes that could potentially be in an infected wound including bacterial

lipases, bacterial α-amylase, and fungal secreted aspartyl proteinases, showed no changes

in the hydrogels either. Only when incubated with trypsin, a pancreatic enzyme that cleaves

amides, responsive hydrogels degraded within 6 hours, while non-responsive hydrogels did

not. If there are trypsin-like enzymes in the wound, they might non-selectively degrade the

hydrogel; this needs to be better investigated using more relevant in vitro and in vivo models

to mimic the types and concentrations of enzymes in wounds.

Another critical factor is the concentration and enzymatic activity of βLs in wounds

and whether they would cause a sufficient color change or degrade the hydrogels and re-

lease the drug at relevant timescales. It was difficult to find this type of information in

the literature. Clinical samples of wound exudate of both uninfected and infected wounds,

specifically those infected with βL-producing and non-producing bacteria, could inform

both specificity and timescales of hydrogel degradation and drug release in in vitro studies.

These tests would help inform hydrogel drug loading concentrations for appropriate dosing

based on average rates of degradation. If needed, there are multiple ways to modulate the

rate of degradation including, as demonstrated in our studies, changing polymer density,

or as shown with other enzyme degradable PEG hydrogels, by changing PEG MW,354 in-

creasing the number of degradable motifs per crosslink,103 or their overall concentration

in the hydrogel.101 An alternative approach would be to explore changes in the β-lactam

compound structure to allow more efficient hydrolysis or recognition by a larger range of

βLs. For example, increasing the distance between the β-lactam and the maleimide-thiol

PEG conjugation site, might increase access of the enzyme or permit βLs with smaller ac-

tive sites to hydrolyze the β-lactam. We could also test adding functional groups that are
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known to play a role in enzyme recognition, such as the benzylic substituents at the C-7

amide, before the addition of the maleimide to see if that can enhance enzyme-substrate

kinetics.79,370

Characterization of the mechanical properties of the hydrogels such as compression

moduli, and how changing polymer density or MW and loading the hydrogels with NPs

might affect their stiffness, is also important to ensure hydrogels are manageable during

application and can withstand different pressures. Additional studies for drug loaded hy-

drogels would be investigating how forces exerted during application of gels for in situ

gelation or applying a bandage potentially affect drug release. For the diagnostic hydro-

gels, tests should include investigating to what degree occupation of a portion of PEG

arms with the substrate affects mechanical stability (higher swelling is visually clear for

substrate modified hydrogels, suggesting lower stiffness), and what concentration of the

chromogenic substrate is needed to produce a sufficient color change, there would need

to be a balance between the two effects. Using PEG with more arms (8 versus 4) would

allow higher ratios of functionalization with the substrate with a smaller effect on gelation

efficiency and mechanical properties.331

Shelf-life of the biomaterials should be tested in terms of the stability of the hydrogels

as well as the responsiveness of the cleavable moieties over times whether the hydrogels are

stored hydrated or dried. Dehydrating the hydrogel to be stored without the need for cold

storage would be ideal if two requirements are met: the hydrogel regains all of its structural

and mechanical properties once reswollen and if the loaded antibacterial therapeutic also

maintains its properties and efficacy.

The literature on infection treatment has seen a surge in bacteria responsive biomate-

rials, yet not many have reported testing of these biomaterials in vivo, which is where the

field is lacking behind some other biomedical areas, like cancer therapeutics. Once the hy-

drogels have been loaded with a therapeutic and its triggered efficacy has been optimized,
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in vivo studies could provide indications of the benefits of treatment with the βL controlled

hydrogels, compared to non-responsive diffusion controlled hydrogels and to systemically

administered antibiotics in terms of both eradicating bacterial infections and maintaining

microbiome health.

6.3 Impact and Contributions

The studies in this thesis provide structure-property-function relationships that can in-

form development of technologies for polymeric multilayer films and enzyme degradable

hydrogels in general, and antibacterial coatings and βL-responsive biomaterial in specific.

With the (PLL/HA) films, we demonstrated how these commonly investigated films are in-

herently antibacterial, and more interestingly, that their antibacterial mechanism of action

and repeated usage/extended efficacy is influenced by PLL MW. Our studies also empha-

sized the importance of testing the fouling and toxic properties of multilayer films and their

components (particularly, high MW polycations) to ensure efficacy and biocompatibilty of

such coatings. For the βL responsive material, we investigated βL substrate structures,

polymer-small molecule conjugation chemistry, and hydrogel crosslinking chemistry to

synthesize these responsive biomaterials. With these conjugates, we developed a platform

that will allows us to answer many more questions. Using these building blocks, we can

develop biomaterials of different scales (nano to macro) or multifunctionality depending on

application needs. With the flexibility and versatility of polymers and our approach, there

are many parameters that can be investigated and optimized to develop material with en-

hanced management of bacterial infections. Furthermore, bacteria-responsive diagnostics

and therapeutics have the potential to bring us closer to personalized medicine to improve

the treatment of the individual, while also protecting global communities from the threat of

antibiotic resistance.
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Appendix A

Cephalosporin-PEG conjugate
micelle-like nanoparticles
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Figure A.1: Synthetic scheme of the β-lactam-PEG conjugate. Either amine on the β-
lactam compound could be conjugated to the carboxylic acid on a PEG chain (one of the
two possibilities is shown here). We have not detected a conjugate with 2 PEGs and 1 β-
lactam. In the presence of βLs, the amide is hydrolyzed and the leaving group is expulsed.
HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hex-
afluorophosphate; DIPEA: N,N-Diisopropylethylamine.

To render synthetic polymers bacteria-responsive, we conjugated a βL cleavable

cephalosporin to PEG (Scheme A.1). Due to the differences in polarity of the PEG and

the β-lactam compound, we hypothesize the amphiphile we synthesized will self-assemble

and would be able to entrap a functional antibiotic. When exposed to βLs, we anticipate

the cleavage of the β-lactam compound will affect the polarity of the conjugate, leading to

the disassembly of the self-assembled structures and release of the entrapped antibiotic.

The conjugate was characterized using proton nuclear magnetic resonance (1H NMR)

spectroscopy and matrix-assisted laser desorption ionization time-of-flight mass spectrom-

etry (MALDI-TOF MS). The NMR spectrum of the conjugate (Figure A.2, c) contains both

PEG (a) and β-lactam compound (b) protons. MALDI-TOF specta (Figure A.3) showed an

increase in the molecular weight of the β-lactam-PEG conjugate compared to unmodified
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Figure A.2: 1H NMR of the unmodified PEG (a), the β-lactam compound (b), and the
β-lactam-PEG conjugate (c).

PEG, indicating successful conjugation. The effect of βL was studied by comparing con-

jugates with and without βL from B. cereus (penicillinase, pen’ase) using size-exclusion

chromatography (SEC). SEC refractive index chromatogram shows a shift of the conjugate

compared to the unmodified PEG, and then a shift again when exposed to the βL (Figure

A.4a). No difference was apparent between unmodified PEG in 1 × PBS versus βL. An ab-

sorbance at 260 nm, characteristic of the β-lactam ring, is not presented in unmodified PEG

but appears in the conjugate, again indicating conjugation (Figure A.4b). When incubated

in βL, this absorbance from the conjugate is drastically reduced, confirming hydrolysis of

the βL ring.

Once we confirmed successful conjugation and responsiveness to βL, we next formed

nanoparticles (NPs) using the film hydration technique; the conjugate was dissolved in

chloroform, which was evaporated under vacuum in a glass vial, then the conjugate was

hydrated with water. Dynamic light scattering (DLS) results suggest the formation of par-

ticles with a hydrodynamic diameter of 246.8 ± 5.9 nm (Z-average ± stdev) and a poly-

dispersity index of 0.16 ± 0.01 (Figure A.5a, “Blank”). Cryogenic transmission electron

microscopy (cryo-TEM) images also indicate the formation of circular NP (Figure A.6).

Their critical aggregation concentration (CAC) was determined using pyrene, a fluorescent
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Figure A.3: MALDI-TOF spectra show a shift in molecular weight of conjugate compared
to unmodified PEG, indicating successful conjugation.

Figure A.4: SEC chromatograms of refractive index (a) and absorbance at 260 nm (b)
of unmodfied PEG and β-lactam-PEG in 1 × PBS or βL from B. cereus (penicillinase,
pen’ase)
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Figure A.5: (a) DLS shows a uniform size distribution of the β-lactam conjugate NPs with
(Loaded) or without (Blank) free β-lactam compound encapsulated. (b) Images of solution
of the β-lactam compound in 1 × PBS (left) or encapsulated in the NPs (right).

probe that is highly sensitive to the polarity of its microenvironment, and exhibits a change

in fluorescence when it is entrapped in vesicles with a nonpolar core. Pyrene was dissolved

in acetone which was evaporated in a glass vial, then the conjugates in chloroform were

added at different amounts and also evaporated. Lastly, the mixture was rehydrated with

water resulting in a pyrene concentration of 6 × 10-7 M and a range of concentrations of

the conjugate. The ratio of two characteristic pyrene fluorescence peaks (371 nm/381 nm)

was plotted against the log of the polymer concentration, and the transition point or the in-

tersection of the two linear curves, which is suggested to be the CAC,[371] was determined

to be 2.7 × 10-6 M or 7.9 µg/mL, which is in good agreement with other polymeric vesicles

in literature (Figure A.7).
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Figure A.6: Cryo-TEM images of β-lactam-PEG conjugate NPs loaded with free β-lactam
compound. White arrows indicate a NP. We would like to thank Irene Andreu at the Rhode
Island Consortium for Nanoscience and Nanotechnology for cryo-TEM imaging.

Figure A.7: Ratio of pyrene fluorescence intensity of peaks at 371 and 381 nm vs. log of
conjugate concentration (M). The transition point (intersection) is approximated to be the
CAC.
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To explore the potential of loading a hydrophobic small molecule in the core of the

NP, we first attempted encapsulating the free β-lactam compound (not conjugated to PEG)

as a model cargo during NP formation. Figure A.5b shows an image of the non-soluble

compound (no conjugate added) on the left, and on the right is an image of the solution of

NPs formed in the presence of the small molecule as a homogeneous cloudy suspension

without precipitation, suggesting enhanced solubility of the compound and its successful

encapsulation. DLS of the β-lactam compound loaded NPs (177.3 ± 1.7 nm) was smaller

than the blank hydrogel (Figure A.5a), potentially due the β-lactam compound helping

form a tighter more hydrophobic core. Next, we will test the incorporation of antibiotics

into the self-assembled particles, and then the NPs disassembly and drug release in response

to βLs.

Our next steps for the β-lactam-PEG nanoparticles include confirming their responsive-

ness to βLs, and testing for a change in their stability and morphology. Next, the loading

of different antibiotics (hydrophobic and hydrophilic) will be tested, and their release pro-

file in the presence of the bacterial enzymes compared to physiological conditions will be

optimized. Furthermore, their efficacy against bacteria and biocompatibility towards mam-

malian cells will be studied. One potential alternative approach that we could investigate

if needed is conjugating a nonpolar compound such as palmitic acid to one side of the

β-lactam compound and PEG to the other. Increasing the hydrophobicity and size of the

nonpolar half of the amphiphilic polymer has been shown to increase the stability of the

self-assembled vesicles, and we hypothesize could potentially have a more drastic effect on

disassembly once the β-lactam is cleaved and the two halves are separated.
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Appendix B

Polyelectrolyte Multilayer Films for
Controlled Delivery of

Chemotherapeutics

This chapter is in preparation to be submitted for peer review:

Wang S.,* Battigelli A.,* Fairman A., Alkekhia D., Yang W., Antoci V., Moore D., and
Shukla A., “Polyelectrolyte multilayer films for controlled delivery of chemotherapeutics”,
Editing manuscript, 2020.

* These authors contributed equally
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B.1 Abstract

The Src homology 2 domain containing protein tyrosine phosphatase-2 (SHP2) is a key

enzyme involved in pathways regulating tumor growth signaling. SHP2 has recently gained

great interest as a promising cancer drug target and many SHP2 inhibitors are currently un-

der development and investigation372. To address common complications of systemic ad-

ministration of chemotherapeutics, such as off-target toxicity and reduced therapeutic effi-

cacy, and maximize SHP2 inhibitor activity, we developed multilayer coatings for localized

delivery of chemotherapeutics. Layer-by-layer (LbL) self-assembly is a technique harness-

ing complementary interactions between multivalent compounds to construct multilayer

films, which could be formulated to serve as drug depots. Here, we have developed LbL

films composed of chitosan (CHT) and poly-carboxymethyl-β-cyclodextrin (PβCD) for the

delivery of a SHP2 inhibitor, SHP099, which has shown promise as a superior anticancer

drug due to its low half-maximal inhibitory concentration (IC50) against human esophageal

cancer and breast adenocarcinoma cell proliferation in vivo. SHP099 was successfully

loaded into multilayer films via host-guest interactions with PβCD. This complexation was

characterized using nuclear magnetic resonance (NMR) spectroscopy, which confirmed the

occurrence of the supramolecular assembly identifying the interaction of specific terminal

protons present on the drug with the protons of the macrocycle. Assembled films demon-

strated four days of detectable therapeutic drug release that inhibited colony formation of

human breast adenocarcinoma cells in vitro. These films demonstrated potential clinical

use as a localized cancer treatment with controlled, prolonged drug release, which could be

utilized to formulate drug-loaded coatings of implants.
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B.2 Introduction

Cancer is a disease marked by the uninhibited proliferation of cells that can spread

into other tissue areas.184 SHP2, a ubiquitously expressed oncoprotein, plays a key role

in cell-growth-signaling pathways, regulating development, metabolism, and cell signal-

ing across numerous species, but its overactivation has been associated with the develop-

ment of numerous cancers and malignancies.373,374 SHP2 has been validated as a target

for cancer therapy375, and there are many studies in this area to identify SHP2 allosteric

inhibitors.372,373,376 From these investigations, SHP099 has emerged as a promising drug

candidate for cancer therapy,377–379 and was chosen in this study from among numerous

SHP2 inhibitors for its demonstrated high-target specificity and reduced off-target cytotox-

icity against receptor-tyrosine-kinase-driven (RTK-driven) cancers in in vitro models.373

With most chemotherapy, systemically administered drugs circulate until they reach

the tumor site where they inhibit intracellular growth pathways, blocking the progression

of cancer.380 However, this lack of specific tumor targeting causes unintended toxic accu-

mulation in healthy tissue, resulting in adverse side effects381,382 and reducing therapeutic

efficacy against the tumor.380 There is, therefore, a need for controlled release of anti-

cancer drugs through localized delivery systems to minimize harmful systemic toxicities

and maximize chemotherapeutic potential.381 Polymeric drug delivery systems have been

of interest because of their structural and compositional tunability, as well as their ability

to deliver drugs to target sites at therapeutically relevant concentrations.380 One technique

that has been used to construct such delivery systems is layer-by-layer (LbL) self-assembly

in which multilayer film formation is driven by multivalent interactions between comple-

mentary species.383 Specifically, the LbL technique of dip-coating substrates with polyelec-

trolytes involves alternate dipping in solutions of cationic and anionic polymers, facilitating

adsorption through electrostatic interactions.384 Among LbL assembly’s advantages there
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is the ability to readily and conformally coat different substrates under mild aqueous condi-

tions, promoting its use in various biomedical applications385. For example, LbL assembly

has been used to develop cell coatings for tissue engineering,111 responsive drug-delivering

implant coatings,178,386 and nanoparticles layered with MRI contrast and luminescent agents

to enhance diagnostic imaging.174

(a)

(b) (c) (d)

SHP099
PβCD (−)
Chitosan (+)
Silicon substrate

Figure B.1: (a) Schematic of layer-by-layer self-assembled film (CHT/PβCD-SHP099)25

on silicon substrate. Chemical structure of SHP099 (b), PβCD (c), and CHT (d).

In this study, LbL self-assembly was used to develop films with alternating layers of

chitosan (CHT), a polycation, and poly-carboxymethyl-β-cyclodextrin (PβCD), a polyan-

ion, for loading and localized delivery of SHP099.387 Chitosan is a natural polymer derived

from the exoskeleton of shellfish,388 and is commonly used in LbL applications due to its

biocompatible, biodegradable, and antimicrobial properties.389

To ensure efficient drug loading and controlled release into and from the films, CDs
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were chosen as carriers for their known ability to encapsulate small hydrophobic molecules

in their hydrophobic core pocket.390 Polymerized formulations of CDs or CD-modified

polymers have been utilized in multiple LbL systems where they have been used for exam-

ple to concurrently incorporate and release antibiotics and non-steroidal anti-inflammatory

drugs (NSAIDs),391 build biodegradable drug eluting platforms targeting infections,392 or

construct nanocarriers for gene delivery393. Here, we investigated PβCD-SHP099 com-

plexation then assembled (CHT/PβCD-SHP099)25 films to explore their ability to load and

release SHP099 and inhibit the proliferation of human breast adenocarcinoma cells in vitro.

B.3 Materials and Methods

B.3.1 Chemicals and Materials

Chitosan (CHT, ≥ 75% deacetylated), poly(sodium-4-styrenesulfonate) (SPS, aver-

age molecular weight ∼70,000 Da), methanol, sodium acetate buffer, and 1× Dulbecco’s

phosphate-buffered saline (1× PBS, pH 7.4) were purchased from Sigma Aldrich (St.

Louis, MO). Linear poly(ethyleneimine) (LPEI, molecular weight ∼45,000 Da) was ob-

tained from Polysciences, Inc. (Warrington, PA), and sodium hydroxide (NaOH) was ob-

tained from Thermo Fisher Scientific (Waltham, MA). Poly-carboxymethyl-β-cyclodextrin

(PβCD, average molecular weight ∼153,000 Da) was purchased from Cyclo Lab (Bu-

dapest, Hungary), while SHP099 dihydrochloride was purchased from ChemieTek (Indi-

anapolis, IN). Deuterium oxide (D2O) was purchased from Cambridge Isotope Laborato-

ries (Tewksbury, MA). Cell counting kit-8 (CCK8) was purchased from Dojindo Molecular

Technologies, Inc. (Rockville, MD). Silicon was purchased from WAFERPRO (San Jose,

CA). MDA-MB-468 human breast adenocarcinoma cells and NIH 3T3 murine fibroblasts

were obtained from ATCC (Manassas, VA). RPMI 1640 medium containing L-glutamine,

HEPES, phenol red, sodium pyruvate, high glucose, and low sodium bicarbonate was pur-
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chased from Thermo Fisher Scientific (Waltham, MA), and supplemented with 10% fetal

bovine serum (FBS) (Corning Inc., Corning, NY) and 1% penicillin-streptomycin (Caisson

Laboratories, Smithfield, UT). 4% paraformaldehyde was purchased from Electron Mi-

croscopy Sciences (Hatfield, PA). 0.01% TWEEN R© was purchased from Sigma Aldrich

(St. Louis, MO). 0.2% crystal violet was purchased from Millipore Sigma (St. Louis,

MO). 33% acetic acid was purchased from Fisher Scientific (Hampton, NH). Ultrapure

water (18.2 MΩ·cm MilliQ water, EMD Millipore, Taunton, MA) was used in all experi-

ments. Room temperature referred to this paper is 21-23◦C.

B.3.2 Characterizing PβCD-SHP099 guest-host complexation using
nuclear magnetic resonance

Solutions of 3.08 mg/mL SHP099, 20.08 mg/mL PβCD, and SHP099 with PβCD (3.08

mg/mL, 20.08 mg/mL, respectively) were prepared in D2O for all nuclear magnetic reso-

nance (NMR) studies. SHP099 and PβCD were mixed in D2O at approximately 700 rpm

for 1.5 h at room temperature to allow PβCD-SHP099 interaction. One-dimensional (1D)

proton (1H) NMR spectra were acquired using a Bruker DRX Avance 400 MHz spectrom-

eter. Two-dimensional (2D) nuclear Overhauser effect spectroscopy (NOESY) and diffu-

sion ordered spectroscopy (DOSY) experiments were performed using a Bruker Ascend

600 MHz spectrometer.

B.3.3 (CHT/PβCD-SHP099) film assembly and characterization

Layer-by-layer film assembly.

Following similar protocols,199 silicon substrates (∼ 0.7 × 2.5 cm) were prepared for

assembly by first rinsing three times in methanol, then three times in ultrapure water, and,

finally, drying with a stream of air. Dried substrates were plasma etched using air in a
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Harrick PDC-32G plasma cleaner operated at a high radio frequency level (12 MHz) for 1

min. Substrates were then immediately submerged in a bath of LPEI (10 mM, pH 4.25).

Using an adapted Zeiss-Microm DS-50 programmable slide stainer, all substrates were

initially coated with ten (LPEI/SPS) bilayers to facilitate the subsequent assembly of the

(CHT/PβCD) films. Each layer was assembled by submerging the substrates in a bath of

LPEI for 5 min, followed by three baths of ultrapure water for 10, 20, and 30 seconds,

and then a bath of SPS (10 mM, pH 4.75) for 5 min, followed by three additional baths of

ultrapure water for 10, 20, and 30 seconds. This process was repeated ten times.

(CHT/PβCD)n films (n represents the number of bilayers) were assembled using a Bi-

olin Scientific KSV Nima dip coater. Substrates were first submerged in CHT (1 mg/mL

in 0.1 M sodium acetate buffer, pH 6) for 10 min, followed by a 1 min rinse in a sodium

acetate wash bath (0.1 M, pH 6) with gentle agitation, then submerged in a PβCD solution

(20.08 mg/mL in 0.1 M sodium acetate buffer, pH 6) either with or without pre-incubation

with SHP099 (3.08 mg/mL) for 10 min to develop “loaded pre-assembly” or “loaded post-

assembly” films (described below), followed, by another rinse in sodium acetate. This

process was repeated multiple times to build up (CHT/PβCD)n films. Films were stored

dry at 4◦C for use in subsequent experiments. For all substrates, film formed on the non-

plasma-treated surface of the substrate was removed using 1 mM NaOH before any further

experiments were performed.

In the cases where SHP099 was incorporated during film assembly (“loaded pre-

assembly”), PβCD-SHP099 complex solutions were prepared before film assembly by

mixing SHP099 and PβCD (at a 1:2 molar ratio relative to the molar mass of PβCD re-

peat units) in sodium acetate buffer (0.1 M, pH 6) at approximately 700 rpm for 1.5 h at

room temperature to allow PβCD-SHP099 interaction.

We tested another method of drug loading where SHP099 was loaded post-assembly

into (CHT/PβCD)25 films. Films were assembled as described above using PβCD alone,
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then the films were soaked in 2 mL solutions of 3.075 mg/mL SHP099 in sodium acetate

buffer (0.1 M, pH 6) at room temperature for 24 h, shaking at 50 rpm.

Film growth characterization.

(CHT/PβCD-SHP099)n and (CHT/PβCD)n film growth was examined by measuring

dry film thickness for n = 5, 10, 15, 20, and 25 bilayers using a Veeco Dektak 3 surface

profilometer and for films with thicknesses below 200 nm, a J.A. Woollam M-2000 el-

lipsometer was used. For profilometry measurements, films were scratched at 3 different

locations along the length of each substrate and the average step height between the un-

coated silicon surface and the film was determined at each scratch. Scan lengths of 2000

µm were utilized. Ellipsometry measurements were taken using a 632.8 nm laser at three

incidence angles: 55◦, 65◦, and 75◦. The refractive index for the films was set to 1.55.

Measurements were taken at 10 different locations on the substrate.

Drug loading quantification.

To quantify SHP099 loading in (CHT/PβCD-SHP099)25, films were first disrupted in

50 µL of 1 M NaOH (15 min incubation), solutions were diluted in 950 µL of 1× PBS

(pH 7.4), then absorbance was measured at 350 nm (SHP099s characteristic wavelength of

maximum absorbance (λmax)) using a BioTek R© cytation 3 plate reader. Standard curves of

SHP099 were produced and used to quantify the amount of SHP099 encapsulated in the

films.

B.3.4 SHP099 release and film thickness change over time

To determine the release profile of SHP099 from (CHT/PβCD-SHP099)25 films, sub-

strates were incubated in 500 µL 1× PBS at 37◦C, and solutions were refreshed with 1×
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PBS at hourly or daily time-points. Drug release for each time-point was subsequently de-

termined via ultraviolet-visible (UV-Vis) spectroscopy, as described in Section Drug load-

ing quantification. To determine film thickness at each time-point, the films were removed

from their 1× PBS incubation solutions, dried with a gentle stream of nitrogen, and mea-

sured for thickness using a profilometer and ellipsometer (as described in Section Film

growth characterization), before they were replaced in fresh solutions for further incuba-

tion.

B.3.5 Clonogenic assays of in vitro cell proliferation

To study the effects of SHP099 released over time from (CHT/PβCD-SHP099)25 films

on cancer cell growth, the film coated silicon wafers were first sterilized via exposure to

ultraviolet light in a Nuaire Class II Type A2 biosafety cabinet for 15 min per side. Then

they were incubated coated-side down in 0.5 mL of cell culture medium (described below)

at 37◦C. At each time-point, the medium was removed, frozen at -20◦C for future testing

with cells, and fresh medium was added to the substrates.

MDA-MB-468 human breast adenocarcinoma cells were cultured in RPMI 1640

medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37◦C and

5% CO2. Cells were then seeded in 96-well plates at a seeding density of approximately

800 cells/cm2; after 24 h of incubation, cells were treated with SHP099 at concentrations

ranging from 1.25 to 50 µM; the same concentration range of SHP099 with PβCD at a 1:2

molar ratio as in film assembly conditions; PβCD at concentrations ranging from 0.0089 to

0.89 µM; or film incubated cell media collected at time-points throughout 96 h of incuba-

tion (as described above). PβCD-SHP099 solutions were prepared by combining solutions

of each component and shaking for 1 h at 37◦C to allow PβCD-SHP099 interaction before

cell treatment. SHP099, SHP099-PβCD mixture, and PβCD solutions were prepared from

stock solutions that were made in 1× PBS to allow full dissolution of either or both solutes
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and then diluted in media to reach a final concentration of 10% PBS before incubation with

cells. Cell incubation solutions were refreshed every 3-4 days. Cells were grown in a 10%

PBS in growth media or in growth media only as positive controls.

After 14 days of cell treatment, cells were washed with 0.01% PBS-TWEEN three

times, fixed with 4% paraformaldehyde for 15 min at room temperature, washed again with

PBS-TWEEN three times, then stained with 0.2% v/v crystal violet solution in water under

shaking for 30 min at room temperature. Cells were first thoroughly washed with water to

remove excess crystal violet solution, and then their stains were dissolved in 33% v/v acetic

acid with rocking for 5 min at room temperature, and the absorbance was measured at 595

nm to characterize cell proliferation. Acetic acid alone were used as a negative control.

Results were normalized to trimmed averages (which exclude statistical outliers beyond

1.5× the interquartile range) of controls of cells treated with 10% 1× PBS in growth media

or growth media alone using Eq. 1.

Normalized cell viability =
sample abs − negative control abs

positive control abs − negative control abs
(B.1)

B.3.6 Statistical Analysis

Results are reported as mean ± standard deviation whenever appropriate. All exper-

iments were repeated with three or more samples. Statistical significance was calculated

using one-way analysis of variance (ANOVA; α = 0.05) with Tukey’s post-hoc analysis

and Sidak’s multiple comparison test on GraphPad PRISMTM. A value of p < 0.05 was

considered statistically significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <

0.0001).
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B.4 Results and Discussion

B.4.1 Characterizing PβCD-SHP099 host-guest complexation using

nuclear magnetic resonance

To understand the nature of the interactions occurring between SHP009 and PβCD, a

combination of 1 and 2D 1H-NMR techniques were used (Fig. B.2).

Initial 1D 1H-NMR studies were conducted on SHP099, PβCD, and on a 2:1 mixture of

SHP099-PβCD solutions at film assembly conditions (3.08 mg/mL SHP099, 20.08 mg/mL

PβCD). Isolated 1H-NMR spectra of SHP099 clearly display a set of aromatic and het-

eroaromatic resonances in the range of 8.00 to 7.00 ppm and the remaining piperidinyl and

methyl resonances at 4.00-1.7 and 1.4 ppm, respectively. On the other hand, the NMR

spectrum of PβCD shows a very broad set of resonances concentrated in the area between

6.00-5.00 and 4.5 to 3.00 ppm. Such broad resonances are a direct consequences of the

polymeric nature of PBβD. Interestingly, when a 2:1 mixture of SHP099 and PβCD was

investigated, it was possible to observe a broadening of the aromatic and heteroaromatic

signal of SHP099 (Fig. B.2a). We ascribe such behavior to the changing in nature of the

SHP099 which, upon complexation, would become an integral part of the polymeric struc-

ture of PβCD causing an increase on its nuclei relaxation times. Minor differences are

also present in chemical shifts of the proton resonance of SHP009 when isolated and in the

presence of PβCD. Specifically, downfield shifts of 0.05 and 0.04 ppm were observed for

the multiplets of protons 6 and 8, and for proton 7 of SHP099, once mixed with equimolar

quantities of PβCD (Fig. B.2a). Additional downfield shifts of 0.02 and 0.06 were also

observed in signals corresponding to proton 1 and 2 of SHP099, respectively (Fig. B.2a).

These chemical shifts variation are comparable with the formation of a cyclodextrin inclu-

sion complex.394,395 Resonances of protons 3 and 4 (at 3.28 and 4.00 ppm, respectively)
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Proton label SHP099 only SHP099-PβCD Difference
1 1.4 1.42 0.02
2 1.89 1.95 0.06
3 3.28 masked masked
4 4.00 masked masked
5 7.47 7.47 0
6 7.34 7.39 0.05
7 7.62 7.66 0.04
8 7.34 7.39 0.05

Table B.1: NMR shifts. (Units: ppm)

were masked by the signal from PβCD, while no shifts were observed for proton 5 (at 7.47

ppm) which is on the pyrazine of the SHP099 structure (Fig. B.2a). The observed shifts of

protons 1, 2, 6, 7 and 8, but not of proton 5, suggest drug interaction with PβCD on either

or both ends of the drug molecule (i.e. on the phenyl or piperidinyl group).

To better understand the structure of the PβCD-SHP099 host-guest complex, 2D

NOESY was performed on the SHP099-PβCD complex solution. In this case, a second

evidence of an intermolecular interaction between the cyclodextrin cavity and SHP099

was found. Indeed, a direct coupling was detected between the methyl group of SHP099

and the cyclodextrin resonances of PβCD, indicating close proximity (<5 Å) between the

two groups. A similar type of coupling is also observed between PβCD and proton 2 of

SHP099, further highlighting their spatial proximity.

Additionally, 2D-DOSY, a technique that is conventionally used to analyze mixtures of

molecules in solution,396 was performed to further investigate the complexation. Such tech-

nique is able to give important information about the diffusion coefficients and therefore

the volume/radius of a molecular species formed upon host-guest complexation.396 figure

B.2c shows a 2D-DOSY plot with the diffusion coefficients of the resonance of SHP099

when in solution alone (blue spectra) and when in presence of PβCD. In the first case,

the diffusion coefficients (D0) are higher than PβCD diffusion coefficients shown in the

PβCD-SHP099 mixture spectra (red) due to the lower molecular volume. However, in the
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Figure B.2: (a) Comparison of 1D 1H-NMR spectra for solutions of SHP099 (blue),
SHP099-PβCD mixture solution (red), and PβCD (green) dissolved in D2O. (b) 2D
NOESY spectra of SHP099-PβCD mixture. (c) DOSY spectra of SHP099, SHP099-PβCD
mixture or PβCD.

mixture, the diffusion coefficient of SHP099 proton 1 (1.4 ppm) decreases (compared to

SHP099 alone) to that of the PβCD-SHP099. The decrease in diffusion rates confirms the

formation of inclusion complexes deduced from chemical shifts observed in 1D 1H-NMR

and NOESY NMR experiments.

B.4.2 Characterization of SHP099 loading and release from
(CHT/PβCD-SHP099)25 films

Film growth was characterized by measuring the thickness of films with increasing

numbers of bilayers. SHP099 was pre-encapsulated into CD, by mixing the solutions for
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1.5 h, to allow complexation. Measurements demonstrated that film thickness increased

with increasing number of bilayers; however, smaller increases in thickness per bilayer

were observed at earlier stages of film assembly compared to later stages (Fig. B.3a). This

behavior may be attributed to the formation of islets - small “islands” of deposited film,

as opposed to uniform layers - initially formed on the surface of the substrate during early

stages of bilayer deposition, as observed in other LbL film studies.257,397,398 As additional

layers are deposited, these islets grow and begin to coalesce until they form a uniform

film surface, thus facilitating a constant thickness increment at each deposition step at later

stages of assembly.

We then investigated the incorporation of SHP099 into the multilayered film us-

ing two different methods: loading SHP099 either pre-film assembly (SHP099 pre-

incubated with PβCD to allow complexation) or post-film assembly (by soaking assembled

(CHT/PβCD)25 films in SHP099 solution). A comparison of their respective drug loading

and release profiles was conducted to determine which method yielded optimal results (e.g.,

higher drug loading, lower bolus release, extended release at biologically relevant concen-

trations). Interestingly, the films assembled using PβCD complexed with SHP099 pre-

assembly were more than twice as thick as the films loaded with SHP099 post-assembly

(4.76 ± 0.17 µm vs. 2.26 ± 0.25 µm, respectively), yet they resulted in very similar

SHP099 loading (123.77 ± 8.80 µg vs. 127.18 ± 9.12 µg, respectively) (Fig. B.3b). Fur-

thermore, we found no statistically significant difference in the thickness of post-assembly

loaded films before and after incubation in SHP099 solution, indicating that post-assembly

loading of SHP099 does not affect film thickness. When SHP099 is loaded pre-film as-

sembly, it could potentially reduce electrostatic repulsion between PβCD carboxylic acids,

promoting incorporation of a larger amount of polymer. This might be similar to the effect

of increasing the ionic strength of LbL assembly solutions, which leads to ionic shielding

and thicker film formation (up to a limit before salts completely prevent assembly).135,136

Another possibility is drug guest molecules acting as “crosslinks” bridging two PβCD if
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Figure B.3: (a) Average film thickness of (CHT/PβCD) films, with and without SHP099,
with increasing number of assembled bilayers. (b) Thickness (left axis) and SHP099 load
(right axis) of pre- or post-assembly loaded (CHT/PβCD)25 films, before (unloaded) and
after (pre- and post-assembly) complexation with SHP099. Results are reported as mean
± standard deviation; statistical significance was examined using one-way ANOVA and
Tukey’s post-hoc analysis, n=3, α=0.05, ***p<0.001. NA: not applicable.

each half of the same guest molecule was incorporated into two hosts on two different

PβCD chains, providing an additional assembly mechanism, leading to thicker films com-

pared to films without SHP099 or film with SHP099 introduced after film assembly.

Although drug loading was similar in both cases, we wanted to investigate any differ-

ences in drug release, which was examined under physiologically relevant conditions (in

1× PBS, pH 7.4 at 37◦C), that might be caused by drug loading method. Periodically, film

eluent was removed, and the incubation solution was refreshed to quantify the amount of

SHP099 released over time (Fig. B.4). For both loading methods, at all measured time-

points (Fig. B.4b), (CHT/PβCD-SHP099)25 films were able to release SHP099 at concen-

trations well above its established IC50 for human esophageal and breast adenocarcinoma

cell proliferation inhibition via the p-ERK pathway (0.25 µM).373 The inset in figure B.4a

shows that for (CHT/PβCD-SHP099)25 films loaded both pre- or post-assembly, most of

the release occurred in the first 5 h of incubation in 1× PBS. However, when SHP099-

PβCD was complexed pre-assembly, the films released 66 ± 1% of their total SHP099
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load in the first 5 h, while films loaded post-assembly demonstrated higher release leading

to 93.73 ± 1.40% of their total load being released in that time. After the initial 24 h,

films loaded pre-assembly continued to release between 2.51 ± 0.09 to 9.11 ± 0.73 µM of

SHP099 between daily time-points over 4 days at which point SHP099 release fell below

our determined lowest detection limit using UV-Vis spectroscopy (Fig. B.4b). Films loaded

post-assembly continued to release SHP099 between the first and the second day but at

lower concentrations compared to the other films (between 0.049 ± 0.034 to 0.512 ± 0.18

µM), after which SHP099 release fell below the lowest detection limit. At the end of their

respective incubation periods with detectable SHP099 release (2 days for post-assembly

loaded films and 4 days for pre-assembly loaded films), post-assembly and pre-assembly

loaded films had released 93.95 ± 1.40% and 69.30 ± 0.82% of their total load, respec-

tively (Fig. B.4a). These results demonstrate that, as compared to SHP099 loading pre-film

assembly, loading post-assembly led to a greater bolus release resulting in overall release

for a shorter period of time, which is not suitable for applications where burst drug release

should be avoided and a more gradual, extended release profile is desired (Fig. B.4a, b).

The rapid release demonstrated by post-assembly loaded films could potentially be due

to some SHP099 being adsorbed to the polyelectrolytes of the films via electrostatic inter-

actions, as opposed to encapsulated within the PβCD pocket, as hypothesized for SHP099-

PβCD pre-incubated solutions, which would have steadied drug release due to the addi-

tional interactions formed inside the pocket. It has also been previously demonstrated that

bolus release is characteristic of films in which a considerable quantity of the released com-

ponent occupies the films’ top layers399. It is possible that more SHP099 is present in the

outermost layers for films loaded post-assembly due to a lack of interdiffusion which could

explain the faster release from these films compared to pre-assembly loaded films, where

SHP099 is likely incorporated into the multilayers within the PβCD core at each deposition

step. Due to the more desirable SHP099 release profile from pre-assembly loaded films,

those films were used in subsequent experiments.
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Figure B.4: (a) Percent cumulative release of SHP099 from (CHT/PβCD-SHP099)25 films
with SHP099 loaded pre-assembly or post-assembly incubated in 1× PBS, pH 7.4 at 37◦C.
Inset: Zoom of release in first 5 h. (b) Concentration of SHP099 released from pre-
assembly loaded or post-assembly loaded films over time. (c) Percent of pre-assembly
loaded (CHT/PβCD-SHP099)25 film’s initial thickness or drug load remaining over time.
Results are reported as mean ± standard deviation; statistical significance was examined
using one-way ANOVA and Sidak’s multiple comparison test, α=0.05, *p<0.0332; n=3.
ND: Not detectable.

To elucidate the mechanisms of drug release, we monitored changes in thickness of

(CHT/PβCD-SHP099)25 films loaded pre-assembly (S.I. Fig. S1 and Fig. B.4c). Film

thickness changed at rates comparable to changes in the rate of SHP099 release. Within 5 h

of incubation in 1× PBS, the thickness of these films decreased by 49.06 ± 16.96%, which

was accompanied by a 66.1 ± 1% decrease in drug load, as mentioned previously. After 5

h of incubation, these films demonstrated a more gradual decrease in thickness, resulting in

an additional 20% loss of their initial thickness between 5 h and 96 h, which was associated

with approximately an additional 3% decrease of initial drug load. Therefore, films with

SHP099 displayed analogous changes in thickness and release profiles at the end of their

respective incubation periods (both ∼70% decrease from initial values), characterized by

rapid initial decreases followed by more gradual decreases at later time-points (Fig. B.4).

We therefore hypothesize that SHP099 release may be attributed to dissolution of the films

caused by differences in pH and ionic strength between film assembly conditions (0.1 M

sodium acetate buffer, pH 6) and film incubation conditions (0.01 M PBS, pH 7.4).

To elucidate any potential effect of SHP099 on film dissolution, we also compared the
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changes in thickness of films assembled without SHP099 ((CHT/PβCD)25) (S.I. Fig. S1).

Similarly to films with SHP099, films lacking drug, exhibited a decrease in thickness by

52.59 ± 1.18% within 5 h of incubation in 1× PBS, followed by a more gradual decrease

in thickness after the initial 5 h of incubation, losing an additional 24% of initial film

thickness between 5 and 96 h. These results demonstrate no apparent effect of the presence

of SHP099 on film dissolution, indicating that film disassembly is indeed likely due to

difference in incubation solution pH and ionic strength.

B.4.3 Inhibition of cell proliferation in vitro

The anticancer efficacy of the composite material was examined by studying the effect

of the film release solution collected at hourly or daily time-points (similar to drug release

assay) on MDA-MB-468 colony formation. Despite apparent film dissolution, it is possible

that SHP099 molecules still interact with PβCD core in the release solutions. In order to

elucidate how SHP099’s efficacy against cells might be affected by its potential interaction

or encapsulation within PβCD, we compared the effects of either free SHP099 or SHP099

pre-incubated with PβCD on cancer cell proliferation in vitro.

Compared to untreated controls (Fig. B.5b), density of cancer cell colonies (stained

with crystal violet) was visibly reduced in groups treated with both free SHP099 and com-

plexed PβCD-SHP099 (Fig. B.5a). Further, both of these treatment groups exhibited in-

creased inhibition of colony formation with increased concentrations of SHP099. As ex-

pected, there was no observable difference in colony density for groups treated with any

concentration of PβCD alone compared to untreated controls (Fig. B.5a). Colony density

visibly increases with increasing time-points which correspond to decreasing concentra-

tions of drug released from films at these times, as previously shown (Fig. B.4b). Nonethe-

less, even for the sample where the cells were treated with the release solution from the last

time-point (96 h), a visible decrease in colony density was observed.
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We then quantified colony density after dissolving the crystal violet stain. A statisti-

cally significant reduction in colony formation of MDA-MB-468 cells was observed in all

control groups containing SHP099 (Fig. B.5c). In general, inhibition of cell proliferation

increased with increasing concentrations of SHP099. This concentration dependant effect

was apparent regardless of PβCD presence; for each SHP099 concentration, no statistically

significant difference was observed for colony formation in samples treated with or without

pre-incubation with PβCD.

Concentrations of PβCD alone were tested to verify that any inhibitory effects seen

in SHP099-PβCD solutions were indeed due to SHP099 and not PβCD. No statistically

significant differences in colony growth were seen in cells treated with any of the tested

concentrations of PβCD when compared to the untreated controls (Fig. B.5c), indicating

PβCD alone had no inhibitory effect on cell growth.

When cells were treated with media in which (CHT/PβCD-SHP099)25 films were incu-

bated for specified duration, cell colony formation was significantly lower compared to the

untreated controls, and similar to inhibition observed with the control SHP099 solutions,

indicating that SHP099 loading and release from the films did not seem to negatively af-

fect its activity. However, there was no significant difference in colony formation between

cells treated with the release solutions collected at different incubation intervals, indicating

that the differences in concentrations of SHP099 measured in those release solutions (Fig

B.4) does not translate to drastic differences in anticancer activity, and that a high enough

concentration of SHP099 was released at all incubation time-points tested. Nevertheless,

cell growth was inhibited to as low as 9.81 ± 1.64% compared to control when treated

with solutions that were incubated with films for 1 h (Fig. B.5d). Cell growth inhibition

declined with later time-point release solutions, increasing to 20.86 ± 14.46% of untreated

controls remaining when treated with solutions containing drug release from the last time

point analysed (96 h) of the release assay (Fig. B.5d).
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In summary, SHP099 release from (CHT/PβCD-SHP099)25 films was shown to reduce

human breast adenocarcinoma cell growth compared to untreated controls, confirming the

potential of these films to prevent cancerous cell growth in cancer patients. It is important to

note once more that the release assays were conducted by refreshing the incubation solution

of films at each time-point, such that the release concentrations were not cumulative, but

rather reflective of release in between two time-points. As initial investigation of potential

toxicity associated with released SHP099, the effect of different concentrations of SHP099

on noncancerous cells was investigated. Fibroblasts (NIH 3T3 cells) were incubated for

two weeks with the same concentrations of SHP099 used for the controls on MDA-MB-

468 (1.25 µM - 50 µM) cells and a viability assay was conducted (S.I. Fig. S2). No

significant effect on the cells was observed at the lowest concentrations used (from 1.25 to

2.5 µM) compared to the untreated controls. Higher concentrations had a minimal effect

on fibroblasts, except for the highest concentration (50 µM) which was highly toxic and no

cell survival was detected. Concentrations of that order of magnitude were observed only

after 1 h of drug release and a possible solution to decrease this toxicity would require an

initial rinse of the substrate to eliminate the burst release of the drug. Future work may

explore the incubation of cells directly onto the films to investigate influence of cells on

films and on drug release, material biocompatibility, and the ability of cells to adhere and

grow on these substrates.

B.5 Conclusions

Systemic drug delivery is responsible for many of the severe side effects of chemother-

apy treatment endured by cancer patients, while simultaneously reducing the maximum

potential efficacy of the chemotherapeutic, thus creating a need for localized and extended

drug delivery. To these ends, we have assembled polyelectrolyte multilayer films with

the biocompatible polymers CHT and PβCD, loaded with the chemotherapeutic, SHP099,

190



C
tr

 1
0%

 P
B

S
1.

25 2.
5 5 10 25 50

1.
25

 +
 0

.0
08

9
2.

5 
+ 

0.
02

3
5 

+ 
0.

04
5

10
 +

 0
.0

89
25

 +
 0

.4
5

50
 +

 0
.8

9
0.

00
89

0.
02

3
0.

04
5

0.
08

9
0.

45
0.

89

0

20

40

60

80

100

120

140

Cell Treatment (µM)

%
 C

ol
on

y 
Fo

rm
at

io
n 

 
(N

or
m

al
iz

ed
 to

 u
nt

re
at

ed
 c

on
tr

ol
)

✱✱✱✱

✱✱✱✱

SHP099 + PβCD PβCDSHP099

✱
✱✱

✱

✱✱

Control 1 2 3 4 5 24 48 72 96
0

20

40

60

80

100

120

140

Release Timepoints (hours)

%
 C

ol
on

y 
Fo

rm
at

io
n 

 
(N

or
m

al
iz

ed
 to

 u
nt

re
at

ed
 c

on
tr

ol
)

✱✱✱✱

(c) (d)

SHP099

SHP099
+ PβCD

PβCD

(a) (b)
1.25 2.5 25105 50

1.25 + 0.0089 2.5 + 0.023 25 + 0.4510 + 0.0895 + 0.045 50 + 0.89

0.0089 0.023 0.450.0890.045 0.89

1 h 2 h 5 h4 h3 h

24 h 48 h Control96 h72 h

Figure B.5: Representative images of crystal violet-stained MDA-MB-468 cell colonies
after 14 days of growth in media containing (a) SHP099, SHP099-PβCD mixture, or PβCD
solutions in 10% PBS or (b) solutions of drug released from (CHT/PβCD-SHP099)25 films
into media between time-points of release assay, or untreated cells control. Concentrations
of each control group in and time-point of the release assay at which the release solution
was collected are given above each well image. Scale bar represents 2 mm. Normalized
MDA-MB-468 cell colony formation after treatment for 14 days with (c) varying concen-
trations of SHP099, PβCD-SHP099, or PβCD or (d) release solutions from (CHT/PβCD-
SHP099)25 films in comparison to untreated cell controls. Results are reported as means
± standard deviations. Statistical significance was examined using one-way ANOVA and
Tukey’s post-hoc analysis compared to untreated controls, n ≥ 3, α=0.05, ****p<0.0001.
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into the CD cavities. Drug release from our films was above the half-maximal inhibitory

concentration required for SHP099 to block cell growth pathways for at least four days,

reflecting in the films’ ability to impede human breast adenocarcinoma cell growth in vitro.

Our results also indicated the advantage of pre-encapsulation of the drug within PβCD

cavity, to achieve stronger drug-polymer interaction leading to more gradual and extended

release of SHP099 from the films over time, compared to release from films loaded with

SHP099 post film assembly. These results demonstrate that (CHT/PβCD-SHP099)25 films

hold promising potential in clinical applications, such as surgical implant coatings that can

lower the chances of tumor recurrence from residual cancerous tissue following primary

tumor resection. The versatility of PβCD drug encapsulation creates the opportunity for

multi-drug loading into (CHT/PβCD) films, such that the synergistic effects of combina-

tion therapy with multiple anticancer drugs may amplify the films’ inhibitory effect on

cancerous cell growth.
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B.6 Supplementary Information

B.6.1 (CHT/Pβ)25 and (CHT/PβCD-SHP099)25 in vitro dissolution in

1× PBS

[t].3 [t].3

Figure B.6: (a) Thickness of (CHT/PBCD)25 films with (+) or without (–) SHP099 in-
cubated in 1× PBS at 37◦C over time. (b) Percent of initial thickness remaining of
(CHT/PβCD)25 films with (+) or without (–) SHP099 incubated in 1× PBS at 37◦C over
time. Results are reported as mean ± standard deviation; n=3.
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B.6.2 SHP099 in vitro cytocompatibility

Cytocompatibility of SHP099 was assessed for NIH 3T3 murine fibroblasts. NIH 3T3

cells were cultured in DMEM (containing 4 mM l-glutamine, 4500 mg/L glucose, 1 mM

sodium pyruvate, and 1500 mg/L sodium bicarbonate) with 10% calf bovine serum and

1% penicillin–streptomycin at 37◦C and 5% CO2. Cells were then seeded in 96-well plates

at a seeding density of approximately 2500 cells/cm2. After 24 h, cells were treated with

increasing concentration of SHP099 (from 1.25 to 50 M), similarly to the clonogenic as-

says. Cell viability was measured using CCK8 following the vendor’s protocol. Briefly,

after 24 h of SHP099 incubation with the cells, the solutions were removed and 100 L of

CCK8 reagent was added. After 2 h of incubation at 37◦C, absorbance at 450 nm was mea-

sured using a BioTek R© Cytation 3 plate reader. Positive controls of cells grown in DMEM

and negative controls lacking cells were included. Normalized cell viability was calculated

using Eq. (B.2).

Normalized cell viability =
sample abs − negative control abs

positive control abs − negative control abs
(B.2)
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Figure B.7: NIH 3T3 fibroblast viability in media incubated with increasing concentration
of SHP099 for 14 days to assess biocompatibility of the drug on non cancer cells. Viability
and statistical significance are shown relative to untreated cells. Statistical significance was
examined using one-way ANOVA; *¡ 0.05; **¡ 0.01; ****p¡ 0.0001; n=3.
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B.6.3 2D NMR of Controls

[t].9

[t].9

Figure B.8: 2D NOESY NMR of SHP099 and PβCD dissolved in D2O.
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