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 Hydrogels and microgels have the potential to enhance the delivery of pharmaceuticals 

by controlling the release rate, delivering pharmaceutical active agents to the site of action, 

protecting delicate drugs (e.g. protein therapeutics) from degradation and by enabling targeting 

of drugs at different physiological length scales (e.g. tissue, organ, cellular). The work discussed 

in this thesis reports the fabrication of poly(acrylic acid)-oligo(ethylene glycol) (pAA-OEG) and 

poly(acrylic acid)-polyethylene glycol (pAA-PEG) microgels for the controlled release of 

proteins and higher order constructs. An extensive background of hydrogels/microgels, protein 

drugs and phage therapy is discussed to provide a premise for this work (Chapter 1). 

 Therapeutic proteins have become integral to health care but controlled delivery remains 

challenging. Protein function depends on its three dimensional structure and formulation 

methods should not be detrimental to the protein’s native structure. In this work, proteins were 

encapsulated in pAA-OEG microgels fabricated with a new microemulsion approach using the 

post-loading method to prevent protein damage during fabrication. Microgels of different size 

and morphology were synthesized and proteins with different physico-chemical characteristics 

were encapsulated. pAA-OEG microgels showed high loading efficiencies and prolonged release 

of bioactive proteins (Chapter 2).  

 In subsequent work, higher order constructs (bacteriophage) were investigated for 
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encapsulation and controlled release with microgels.  There is an alarming emergence of 

antibiotic resistant pathogens due to over-prescription of antibiotics. It is estimated by the Center 

for Disease Control and Prevention (CDC) that 1 in 7 surgical site infections obtained in 

hospitals are caused by antibiotic resistant bacteria. Phage therapy is being considered again for 

infection treatment and it is still widely use in the Eastern European country of Georgia. 

Bacteriophages are viruses able to infect bacteria, multiply within the bacterial host and 

ultimately lyse the bacteria. Driven by the previous success of encapsulation and prolonged 

release of proteins, we investigated the potential use of the microgels for the controlled release of 

phage. pAA-PEG microgels successfully encapsulated phage and released over a prolonged 

period while still retaining activity (Chapter 3). 

 Chapter 4 highlights future work for further development of the pAA-OEG and pAA-

PEG microgels and to increase their potential for translation into clinical application. The 

suggestions include strategies to increase the biodegradability of microgels, the use of 

microfluidics to create monodisperse formulations and in-vivo evaluation to determine safety 

and efficacy.  
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Introduction 
 

1.1 Hydrogels and Microgels 
 

1.1.1 Summary 

 

 

The most basic definition of a hydrogel is a three dimensional network composed of 

hydrophilic polymers.  The hydrogel network is held together by crosslinks that prevent the 

polymeric constituents from dissolution into the solvent.  The hydrophilic nature of the 

composing polymers leads to high levels of swelling and they can increase several times in 

weight when fully swollen. Hydrogels fabricated with techniques that lead to micron size 

colloidal hydrogel particles they are termed microgels. Following is a historical summary of 

hydrogels and microgels, followed by fabrication techniques and the design rationale for 

microgels used for drug delivery.  

1.1.2 A Brief Historical Perspective of Hydrogels and Microgels  

 

 

Hydrogels found their first successful use as medical devices in 1960, when Otto 

Wichterle and Drahoslav Lim from the Institute of Macromolecular Chemistry in Prague wrote a 

short letter to Nature (1). This was a time when all polymers were mostly referred to as plastics. 

While predictable in hindsight for hard plastics, the biocompatibility experiments did not show 

much promise, with the exception of poly(methyl methacrylate) (pMMA), which  showed 

biocompatibility as an orthopedic material as described in report from the Royal Society of 

Medicine in 1945 (2). What was missing from the plastics that scientists were experimenting 

with was eloquently described by Wichterle and Lim in their seminal paper of 1960  (1). The 

demands for a plastic suitable for biological use were defined as the following: “1. a structure 
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permitting the desired water content, 2. inertness to normal biological processes, 3. permeability 

to metabolites”. Fundamentally, it was with these criteria that Wichterle and Lim developed the 

first soft contact lenses.  Poly(hydroxyethyl methacrylate) (pHEMA) was used to fabricate the 

first contact lenses (1) but they still had limitations such as inadequate oxygen transport and poor 

mechanical properties (3). To improve on these properties a highly hydrophilic monomer, N-

vinylpyrrolidone, was incorporated into pHEMA via copolymerization during hydrogel 

preparations (4,5).  pHEMA-based contact lenses were the first clinically successful hydrogels 

and even to date pHEMA remains a primary material for contact lenses (6). 

Hydrogels have been used for controlled drug delivery as well.  Control over drug 

pharmacokinetics is essential to achieve a desired therapeutic effect while minimizing side-

effects and maximizing patient compliance. Hydrogels have played a role in the controlled 

release of pharmaceutically active agents (7). pHEMA hydrogels were at first inadequate for 

controlled release due to a small mesh size which prevented entrapped molecules from diffusing 

out of the hydrogel matrix (8). Different fabrication methods and incorporation of different 

monomers helped achieve control over mesh size, producing hydrogels suitable for the release of 

small molecules and macromolecules (9–11). The early work in modeling the release of solutes 

from hydrogels was achieved by Peppas and the mathematical models developed are still widely 

used today (12–14). The release of solutes from hydrogels can be controlled via diffusion, 

swelling of the hydrogel matrix, and by responding to an external stimulus. The latter mechanism 

is of great interest to scientists as having control over when release occurs adds to the 

functionality of the hydrogels. Hydrogels can be designed to respond to physical stimuli or 

chemical stimuli. Chemically controlled release is defined as solute release in response to 

cleavage by hydrolytic/enzymatic reactions or by ligand substitution (15,16). Perhaps, one of the 
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cleverest chemically controlled release systems is that developed by Lee and Park and described 

in the Journal of Molecular Recognition in 1996 (16). The material consisted of a glucose-

grafted polymer cross-linked with tetramer concanavalin A (Con A), a protein lectin able to bind 

glucose. The binding interaction between Con A and the glucose attached to polymer reversibly 

cross-links the polymer thus forming a hydrogel. Free glucose present in the environment is able 

to substitute polymer-attached glucose on Con A’s binding site and in turn dissociate the cross-

links (Figure 1.1). Park et al. used this novel material to modulate the release of insulin in 

response to glucose in the environment (17) creating what some have refer to as an “artificial 

pancreas.” Stimuli responsive hydrogels are able to swell/de-swell in response to changes in pH 

and/or temperature.  The change in the swelling behavior impacts the release of solute (18,19). 

Extensive academic research on the application of hydrogels for controlled release has been 

conducted, but there are few products on market (7,20).  Some examples of market products 

include Cervidil®, a vaginal insert composed of cross-linked polyethylene oxide/urethane loaded 

with dinoprostone to induce labor (21) and a subcutaneous hydrogel insert has been developed 

by Endo Pharmaceuticals Inc. called SUPRELIN LA for the release of histrelin acetate for the 

treatment of children with central precocious puberty  (22).  

Microgels, chemically speaking, have very similar properties to hydrogels but due to their 

colloidal nature they prove to be useful in some distinct applications. The term was coined by 

Baker from Bell Labs in 1949 to described latex particles of cross-linked polybutadiene (23). 

The first applications of microgels were for industrial purposes such as rubbers and paint 

coatings (24).  Microgels for controlled release of drug started to be investigated much later than 

bulk hydrogels. The first patent for the use of microgels, or as called in the patent “hydrogel 

beads”, for drug delivery was file in 1985 by E.R. Squibb & Sons.  The patent makes use of co-
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polymers of acrylic acid and methyl methacrylate cross-linked with various cross-linkers (25). 

The first examples of microgel stimuli responsive controlled release was reported in the 1990s by 

the groups of Snowden and Aizawa. Aizawa et al. synthesized pH-sensitive microgels based on 

anionic co-polymers of acrylic acid/methyl methacrylate mixed with cationic poly(L-lysine) 

(PLL). The microgels aggregated at low pH because of the interaction of the positively charged 

PLL with the anionic microgels. With increased pH, the PLL was no longer ionized therefore 

leading to dispersion and electrostatic repulsion of the microgels (26). Snowden developed 

poly(N-isopropylacrylamide) (pNIPAM) microgels for the uptake and temperature controlled 

release of fluorescein-labelled dextran (27). Microgel protein interactions have been studied for 

chromatography purposes (24) but their use as controlled release devices for proteins was not 

investigated until the 2000s.  Murthy et al. developed protein-loaded microgels with an acid 

degradable cross-linker (28), Zhang et al. developed lactic acid-co-Pluronic microgels for the 

post fabrication loading of proteins and subsequent release (29), and Johansson et al. study in 

detail the mechanism of lysozyme uptake into poly(acrylic acid) microgels (30).  
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Figure 1.1: Representation of glucose responsive microgel. Large black ovals represent Con A, 

open circles are polymer attached glucose, and small dark circles represent free glucose. 

Reprinted from ref 16. Copyright 1998 John Wiley and Sons. 
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1.1.3 Microgel Fabrication Methods 

 

1.1.3.1 Fabrication of microgels from monomers 

 

Microgels of this type are traditionally synthesized by the polymerization of vinyl 

monomers via free radical polymerization in the presence of bi-functional monomers. The 

mechanism of this type of polymerization is well established. In brief, the vinyl monomer’s π-

bond is open by a radical initiation creating a propagating radical able to incorporate additional 

monomers until the polymerization comes to an end by the combination of two radicals or 

disproportionation. There are two main synthetic strategies to achieve the formation of 

microgels. One is by homogenous nucleation of precipitated polymer chains and the other is by 

inverse emulsion polymerization, as described below. 

Homogenous nucleation fabrication of microgels begins with a homogenous solution in 

which the monomer and cross-linking agent are dissolved in solution. The subsequent polymer 

obtained from say so monomer is insoluble in that solution. As polymer chains begin forming, 

they precipitate out of solution. This newly formed precipitated polymer chains have a certain 

degree of cross-links. Therefore, they are now microgels. If the polymer was soluble, this would 

lead to a bullk hydrogel instead of microgels. pNIPAM microgels are commonly synthesized 

using this method in water at 70 °C because the monomer NIPAM is soluble at this temperature 

but the polymer pNIPAM precipitates (31). The cross-linking of the polymer chains with a bi-

functional vinyl monomer prevents dissolution of the microgels upon cooling (32).  

 Inverse emulsion polymerization consists of dissolving monomer, cross-linking agent and 

initiator in an aqueous phase. This component is often refer to as the pregel. The pregel is then 

emulsified in an oil or organic phase and surfactants can be use as stabilizers to prevent 

coalescence of pregel droplets. The polymerization is initiated while in emulsion and the cross-
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linking of the forming polymer leads to gelation within individual droplets and thus microgels 

are fabricated. This technique has been use to create poly(acrylic acid) (pAA) cross-linked with 

poly(ethylene glycol) (400) -di-methacrylate. The polymerization is carried out in an aqueous 

phase emulsified in paraffin oil and stabilize with the polymeric surfactants SpanTM 80 and 

TweenTM 80 (33). 

1.1.3.2 Fabrication of microgels from polymers 

 

 This technique involves the use of already synthesized polymers which are dissolved in 

an aqueous phase also refer to as the pregel phase.  The pregel phase polymer phase is 

accompanied by cross-linking agents. This technique is often used for the preparation of 

microgels based on biological polymers like chitosan, hyaluronic acid, dextran, alginate and 

cellulose (34). Mitra el al. prepared microgels by emulsifying an aqueous solution of chitosan 

with glutaraldehyde, a cross-linker, in n-hexane containing the surfactant sodium bis(ethyl hexyl) 

sulfosuccinate to stabilize the emulsion. A dextran-doxorubicin conjugate was present in the 

aqueous phase during microgel formation and thus it was entrapped within the matrix (35). It is 

also possible to modify polymers with moieties that add cross-linking functionality. For example, 

hyaluronic acid (HA) has been modified with the addition of thiol groups. The thiol 

functionalized HA is able to form disulfide bonds and form a cross-linked network. Lee et al. 

used thiol-functionalized HA (HA-SH) by dissolving HA-SH in PBS and emulsified the aqueous 

phase in hexanes stabilized with SpanTM and TweenTM (36). Pre-synthesized synthetic polymers 

can be use similarly for microgel fabrication. Four-arm PEG has been functionalized with 

norbornene via a condensation reaction. The four-arm PEG-norborlene was then crosslinked 

using dithiothreitol through a thiol-ene reaction. This process led to an emulsion, leading to 

microgel formation (37). 
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1.1.4 Microgels for Drug Delivery 

 

Recent interest in microgels has driven a significant amount of research in the use of 

microgels as drug carriers for drug targeting and drug controlled release applications. The 

following defines the design criteria for microgel drug delivery  

 The design criteria for microgels for drug delivery applications depends on the drug to be 

delivered, the kinetics of release and the particular biological target.  Both physical and chemical 

properties are important to consider to rationally design a microgel drug delivery system. 

1.1.4.1 Microgel Size 

 

 Microgel size is designed with the therapeutic target in mind. If microgels are meant to 

for localized delivery and to reside within a specific tissue, sizes exceeding 10 µm are preferred 

to avoid clearance by phagocytic cells.  Microgels for intracellular delivery into non-phagocytic 

cells have sizes of < 1 µm with < 200 nm being optimal (38,39). Intracellular delivery into 

phagocytic cells is optimal with microgel sizes between 1 and 3 µm (40,41).  Size also dictates 

the pharmacokinetic profile of microgels in the blood stream and different tissues. Glomerular 

filtration promptly clears polymers below 40 kDa and nanoparticles < 10 nm (42,43). Microgels 

can be designed with sizes exceeding 10 nm to increase circulation time but microgel elasticity 

must be taken into consideration. Microgels are soft and deformable and can pass through pores 

10 times smaller their size (44). Size can also contribute to degradation kinetics and transport 

through different tissues.  Additionally, size plays a role in immunogenicity with same 

composition microgels inducing a different inflammatory response as a result of size alone (45).  

1.1.4.2 Microgel Biodegradation 

 

 A key component of any drug delivery device is that it can be eliminated from the host 

once it delivers its payload. Degradation of materials through hydrolytic pathways or making use 
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of the body’s own enzymatic reactions and metabolic pathways are common ways to achieve this 

desired elimination. Microgels should optimally be design as biodegradable materials to prevent 

accumulation in the body that can lead to harmful side effects. Degradable linkages are included 

into microgel’s chemical to architecture to facilitate degradability into small enough molecules to 

allow for renal clearance. In addition, degradation contributes to release kinetics of any 

encapsulated drugs. The simplest way to add degradability to microgels is by the incorporation 

of biodegradable linkages containing labile bonds such as acetal, esters, thiols, and hydrozones 

(28,46–50). Biopolymers can also be incorporated to induce degradability. Polysaccharides are 

often used because they are biodegradable and nontoxic. Polysaccharide microgel degradation 

generally occurs through carbohydrate oxidation or enzymatic degradation and is typically 

slower than degradable cross-linkers (34,51,52). In addition to polysaccharides, other 

biopolymers can be used to form degradable microgels, including dextran, hyaluronic acid, and 

gelatin functionalized with methacrylates to yield macromers that can be polymerized into 

biodegradable microgels (53,54).  

1.1.4.3 Microgel Morphology 

 

 Microgel morphology can influence targeting, pharmacokinetics and cell internalization.  

Morphology can be engineered at the molecular or at the nano/micro scale. At the molecular 

scale, coatings can be incorporated to add functionality and/or targeting. Kiser et al. coated 

microgels with lipids to control the environment at which the microgel swells and in turn triggers 

release of doxorubicin (55).  Nayak et al. decorated the surface of thermoresponsive microgels 

with folic-acid to induce folate receptor mediated endocytosis into cancerous cells (56).  

Nano/micro scale morphology manipulations can be achieved by engineering the shape of the 

microgels. Sharma et al. demonstrated that shape alone influences particle phagocytosis (40). 
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Homogeneity over morphology and size are extremely important for clinical translation and to 

meet strict regulatory criteria. Microfluidics technology has been used for the creation of 

monodispersed microgels creating a homogenous population (50,57,58).  Microfluidics have also 

been use to create microgels with multiple cores and even anisotropic microgels containing two 

faces of different components in one single microgel (59–61).  Control over microgel 

morphology is a growing area of research and has potential for the development of microgels 

that will ultimately be clinically translated.  

1.2 Delivery of Protein Therapeutics 
 

1.2.1 Background of Protein Therapeutics 

 

From a biological standpoint proteins perform diverse functions while remaining highly 

specific for their task. Their wide range of functions include structural support intra and 

extracellularly, catalysis of biochemical reactions, transport of molecules within the body, 

providing channels and receptors in cellular membranes and antibodies for fighting infections. 

Current estimates on the number of human genes encoding for proteins are at about 21,000 (62). 

This provides a vast library of proteins and functionalities that with a good understanding of 

disease mechanism can be used as therapeutics in their natural or perhaps modified forms. The 

first obstacle to the wide used of protein therapeutics was the high cost of isolation and absence 

of a manufacturing method. However, the introduction of recombinant DNA technology this 

limitation was largely overcome. The advent of modern biotechnology has seen a remarkable 

increase in the number of therapeutic proteins and more potential candidates are in the pipeline 

(63). Currently the FDA has approved more than 130 protein pharmaceutical products (64,65) 

with an estimated market annual growth rate of 7.08% projected until 2016 (66). Some 

advantages for the use of protein therapeutics over small molecule drugs are that: 1) proteins 
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serve complex and highly specific functions, 2) there is less potential for proteins to interfere 

with biological process, 3) and since many proteins used as therapeutics are derived and similar 

to native proteins they are well tolerated by the body (65).  

While modern biotechnology has made the production of protein pharmaceuticals 

possible, there are substantial hurdles to be overcome. Protein function depends on a delicate 

three dimensional structure, which can be compromised by both proteolytic/chemical 

degradation and physical/shear forces. Because of these characteristics, combined with their high 

molecular weight, which makes transport through biological membranes difficult, oral 

administration is largely ineffective for systemic indications. To date, almost all therapeutic 

proteins are administered by the parenteral route and require frequent administration due to their 

short half-lives (64). The delivery of protein therapeutics at defined doses in a safe and 

minimally invasive manner remains a prominent challenge in the field. Therefore, there is an 

increasing need for well-defined controlled release protein delivery systems. 

1.2.2 Strategies for Protein Therapeutic Delivery 

 

1.2.2.1 Polymeric Microparticles 

 

Perhaps one of the most widely investigated strategies for the delivery of proteins is the 

used of polymeric microparticles. They offer some advantages such as administration by 

injection and the possibility to control the rate of release. They can be formulated by both 

synthetic and natural polymers. Some examples of natural polymers include alginate 

microspheres for nerve growth factor slow release (67) and chitosan for vaccination purposes 

(68), albumin beads, dextran, gelatin and collagen. Among the types of synthetic polymers that 

have been study are polyorthoesters, polyanhydrides, polyamides, polyesters, polycaprolactones, 

and polyphosphazenes(69). But in the realm of synthetic polymers for protein delivery 
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poly(lactic-co-glycolic acid) (PLGA) dominates the field with several marketed formulations 

(64). But there are still some notable disadvantages to PLGA systems such as polymer 

hydrophobicity, protein denaturation in the preparation step due to the use of organic solvents 

and high shear stresses, acidic microenvironment during degradation leading to protein damage, 

reactions between polymer and protein, and burst or incomplete release (70).  

1.2.2.2 Protein Modifications 

 

To increase the bioavailability of proteins administered via the parenteral route proteins 

can be chemically modified. There are three main forms of chemical modifications of proteins: 

amino acid substitution, acylation and PEGylation. Amino acid substitution is performed by 

mutating one or more amino acids to create a protein analogue. This protein analogue might have 

some advantageous characteristics such as increased bioavailability or rapid-acting (71). 

Acylation of proteins consists in the chemical attachment of fatty acids to the protein’s surface to 

increase the protein’s circulation time by increasing affinity towards albumin in the blood (72). 

PEGylation is the conjugation of poly(ethylene glycol) (PEG) polymers onto the surface of a  

protein. It increases the half-life of the protein by reducing metabolic degradation and shielding 

from uptake receptors. Additionally, it has a stealth effect in reducing immunogenicity as the 

PEG is able to shield antigenic and immunogenic epitopes (73). There are still concerns with the 

use of the protein modifications techniques highlighted above. Among them are the potential to 

reduce protein efficacy, increasing immunogenicity and chemistry compatibility leading to 

heterogeneous products that can be a challenge for drug approval (74). 

1.2.2.3 Microgels for Protein Therapeutic Delivery 

 

Polymeric hydrogel microparticles, referred to as microgels herein, have received recent 

attention for their potential use as controlled release protein delivery vehicles (75–77). Microgels 
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are micron-scale cross-linked three dimensional networks of hydrophilic polymers that swell in 

aqueous environments. The cross-linked networks can be formed by a variety of means including  

physical entanglement, ionic interactions, or covalent bonds (78). Biodegradable microgels can 

be synthesized by inclusion of degradable linkages in the polymer or the cross-linker. Microgels 

also can be designed to have unique characteristics such as the ability to undergo volume 

changes in response to external stimuli such as pH, temperature or ionic strength, which can be 

used to develop environmentally responsive drug delivery systems (18). Furthermore, the 

micron-scale size of microgels can allow for their injection by standard methods. 

1.2.3 Summary of Proposed Research Project 

 

Protein therapeutics were once a rare class of medicines partly due to a high cost of isolation 

and the absence of efficient industrial manufacturing methods. But since the introduction of 

recombinant insulin in 1982 (79), there has been a steady increase in the number of protein 

therapeutics. Currently, the FDA has approved more than 130 protein pharmaceutical products 

and even more are in the pipeline (64,65). While modern biotechnology has made the production 

of protein pharmaceuticals possible, there are substantial hurdles to be overcome. Protein 

function depends on a delicate three dimensional structure, which can be compromised by both 

proteolytic/chemical degradation and physical/shear forces. Because of these characteristics, 

combined with their high molecular weight, which makes transport through biological 

membranes difficult, oral administration is largely ineffective for systemic indications. To date, 

almost all therapeutic proteins are administered by the parenteral route and require frequent 

administration due to their short half-lives (64). The delivery of protein therapeutics at defined 

dosage in a safe and minimally invasive manner remains a prominent challenge in the field. 

Therefore, there is an increasing need for well-defined controlled release protein delivery 
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systems 

Polymeric hydrogel microparticles, referred to as microgels herein, have received recent 

attention for their potential use as controlled release protein delivery vehicles (75–77). They can 

be synthesized from hydrophilic synthetic or natural polymers by cross-links formed by a variety 

of means including physical entanglement, ionic interactions or covalent bonds. Microgels can 

also absorb and retain large amounts of water, thus mimicking biological tissues. The following 

design criteria should be considered for the development of microgels for protein controlled 

release: 1) capture and release of proteins in a controlled fashion; 2) minimal damage to the 

protein’s native structure or biological activity; 3) biodegradable once protein payload is 

delivered; 4) biocompatible degradation products that can be cleared from the body.  
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1.3 Phage Therapy and Phage Delivery 

 

1.3.1 Background 

 

There is an alarming worldwide surge in antibiotic resistant pathogens due to the 

increased over prescription of antibiotics (80). The Center for Disease Control and Prevention 

(CDC) recently report it that 1 in 7 surgical site infections in hospitals are caused by antibiotic 

resistant bacteria (81). It is evident that new sources of antimicrobial agents are needed to 

overcome the limitations of antibiotics. Worrisome “superbugs” have focused attention back on 

bacteriophage therapy (82–84). Phages have some advantages over antibiotics that make them 

attractive as an alternative or complementary therapy. Phages are pure natural agents not 

requiring any synthetic methods for fabrication and have never been shown to cause adverse side 

effects on humans. Additionally, phages are highly specific to a bacterial species therefore they 

can be used to target only the pathogenic bacteria while sparing and leaving intact the body’s 

microflora, compared to broad-spectrum antibiotics that kill all bacterial cells regardless whether 

or not they are pathogenic. Once a phage attacks a bacterial host, it replicates exponentially 

increasing its own concentration and ability to attack more pathogens (83,85). Following is a 

historical account of the discovery of phages and phage therapy, the current stage of phage 

therapy, and a summary of materials for phage delivery.  

1.3.2 A Historical Account of Phage Therapy 

 

 There is an abundant and naturally occurring antimicrobial agent found in nature. This 

antimicrobial agent is found anywhere bacteria are found. That is an unnecessary long way to say 

that this antimicrobial agent is everywhere; in the ground, in the air, in rivers, in lakes, in seas, 

etc. They were discovered by Felix d’Herelle and presented in the Academie des Sciences in 

1917 (86). D’Herelle’s discovery is a clear example of close observation to natural phenomena 
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exhibited in the lab. Bacteriophage was discovered through meticulous experimentation over a 

period of 10 years. D’Herelle stumble on this discovery without looking for it like many others 

in science. 

D’Herelle was hired in 1907 by the Mexican government to study fermentation and 

developed a method for the production of schnapps from sisal, a species of Mexican agave. 

During his stay in Mexico, he attempted to stop a locust plague by isolating and culturing a 

dysentery causing bacillus from the guts of infected (diarrheal) locust. He was able to cause 

epidemics in locusts (87). His attempts to stop a locust plague using bacillus in Mexico and later 

in Argentina may have been the first attempted biological control of pests (88). During his 

crusade against the locust, he noticed clear patches in agar cultures of bacillus. Investigation of 

the spot scrapes under a microscope showed nothing and so d’Herelle assume that the clear 

patches were caused by something small enough to pass through a Chamberland filter (89), a 

filter use to remove bacteria from fluids. D’Herelle’s studies in locust plague prevention lead 

him to be commission to stop locust epidemics in North Africa by using a bacterial epidemic 

against the locust. During his stay in North Africa he again observed the clear patches but still 

hadn’t formulated an explanation for their source (90). During World War I, d’Herelle was asked 

to investigate an epidemic of dysentery in soldiers station near Paris. It was thought that 

d’Herelle’s experience with locust dysentery will help understand the malady in humans. To this 

end, d’Herelle followed a patient afflicted with dysentery from hospital admission to recovery. 

D’Herelle examined the feces filtrate for the presence of the patch forming agent on culture and 

made a remarkable discovery. He noticed that the clear patches begin appearing on cultures at 

the time when the patient began making a recovery. Furthermore, he found out that adding the 

feces filtrate to a broth culture of bacillus cleared up the solution, a clear indication of bacterial 
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lysis. He recognized the potential for clinical translation and coined this bacterial lysing agent as 

“bacteriophage” (89). Today it is clearly established that bacteriophage is an abundant 

independent biological entity but in the time soon after d’Herelle’s discovery most scientists 

were skeptic of the findings. It was until definite proof was obtained using electron microscopy 

in 1942 that a scientific consensus was reached for the existence of bacteriophages (91).  
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Figure 1.2: First electron microscopy images of phages. Reprinted from ref. (91). 

 

 A chicken typhoid epidemic in France gave d’Herelle the opportunity to study 

bacteriophage emergence in chickens. At the initial stage of the epidemic all infected chickens 
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died. Salmonella was present in their droppings but they were absent of any bacteriophage. This 

kept occurring until one hen made a recovery and consequentially the hen’s excreta contained a 

powerful bacteriophage against the causative salmonella. All hens in proximity to this cured hen 

recovered and the epidemic ended. It was concluded that the epidemic begins with a single 

salmonella infected chicken that then infects others and ends with one chicken recovering thanks 

to increased number of bacteriophage, which then propagates to the other chickens (92).  

D’Heralle isolated the powerful bacteriophage cultures against salmonella and was able to cure 

the infected and stop the epidemic by introducing bacteriophage into the hens drinking water 

(90). Following promising clinical results in hens d’Herelle set out to proof that treatment of 

disease with bacteriophage, referred to as “phage therapy” from here on, was an effective way to 

cure patients and stop epidemics. D’Herelle traveled to India to study cholera disease. First he set 

up, along with Dr. M. N. Lahiri, to find phage effective against cholera in regions of Punjab 

where cholera is present naturally in populations. He then studied patients infected with cholera 

in two different populations in Calcutta and Lahore. Out of 33 control patients injected with 

saline solution 13 die. In comparison, 16 patients treated with one of d’Herelle’s most potent 

phage preparation all 16 survived (93,94). This example are among others in which d’Herelle’s 

phage therapy was successful at treating both veterinary and human disease (95). One must keep 

in mind that these early clinical studies lack the scientific rigor of today’s clinical trials but 

nonetheless their significance cannot be understated. D’Heralle was later offered a position by 

his colleague Eliava and left Yale for Tbilisi in the former Soviet Republic of Georgia. There, 

among other colleagues and advocates of phage therapy, they established the leading world 

institute in phage therapy and reported major successes with phage therapy treatments. 

 There were early attempts to commercialize phage preparations for the treatment of 
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infection. D’Herelle was involve in commercializing cocktails that allegedly were clinically 

successful (96). Eli Lilly in the United States and the Oswaldo Cruz Institute in Brazil both 

produce commercially available phage; however, the clinical effectiveness was controversial 

(97). D’Herelle also arrived at this conclusion, claiming that other laboratories did not developed 

phage preparations with rigor and were only driven by capitalist profit motives (88). As a result 

of the poorly effective phage treatments in the west, the advent of antibiotics and the pressure for 

antimicrobials exerted by World War II, the use of phage therapy fell out of favor in the west. 

Phage therapy continued vigorously in the former Soviet Union, partly due to restricted access to 

antibiotics from the west. In fact, to date phage therapy continues to be used commonly in the 

Republic of Georgia (82).  

1.3.3 Modern Phage Therapy 

 

 Phage therapy is widely use in the Republic of Georgia and as of 2010 phage 

preparations started to be exported to neighboring Azerbaijan. Two spin-off companies from the 

Eliava Institute of Bacteriophage have emerged. These are the “Eliava BioPreparations, Ltd.”, 

involved in the production of phages and “Eliava Diagnostics” which receives patients seeking 

phage treatment after an unsuccessful antibiotic regiment and the “Eliava Phage Therapy Center” 

which also treats foreign patients (98). A new product for the treatment of ulcers was developed 

called PhagoBioDerm, a combination of biodegradable polymer impregnated with lytic phages 

and antibiotics. PhagoBioderm was used to treat ulcers in 107 patients who had not responded 

positively to conventional therapy. Of the unresponsive patients, 70%  fully healed (99). Despite 

the long history of phage therapy in former Soviet countries, it is still relatively unknown to the 

general population of the west, in part due to regulatory hurdles. Phage cocktail preparations 

must meet higher standards of purity and stricter quality control practices to be used in humans. 
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A quality control phage cocktail was prepared for the treatment of burn wounds in the Burn 

Centre of the Queen Astrid Military Hospital in Brussels (100). This phage preparation was used 

in a small scale pilot clinical trial. The authors report no adverse effects were observed due to 

phage application but they also highlight the pitfalls of the study due to regulatory issues the 

study included flaws resulting in poor results in the bacterial load of biopsies between phage 

treated and conventional antibiotic treatment (101). Nonetheless, it is claimed that this small 

study helped start a conversation between healthcare givers and phage scientist. In fact, this 

study lead to the creation of the Phagoburn project, “a Phase I/II clinical study aiming at 

assessing the safety, effectives and pharmacodynamics of two therapeutic phage cocktails to treat 

either E. coli or P. aeruginosa burn wound infections.”  The study began in July of 2015 (102). 

A preliminary study of nine patients with urinary tract infections treated with phage therapy 

showed a significant decrease in the presence of urine bacteria without any adverse side effects. 

This positive findings a multicenter clinical trial is expected to begin in 2016 (103,104). In the 

United States, a clinical trial evaluating safety concerns in 42 patients with chronic venous leg 

ulcers found no adverse effects following during 12 weeks of phage treatment (105). These are 

among other human trials that have been in a review by Vandenheuvel et al. (106). 

1.3.4 Materials for Phage Delivery 

 

 Phage therapy can be administered via different routes: solutions and tablets for oral 

administration, dermal preparations, aerosols for lungs and intravenous formulations (83). Phage 

pharmacokinetics have proven challenging due to the self-replicating ability of the phage. The 

pharmacokinetics depend on initial and subsequent dosing, rate of phage clearance, phage and 

bacteria present at any time. Payne et al. demonstrated mathematically that inoculating too early 

or too late can lead to therapy failure (107). Therefore, enabling control over phage delivery by 
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using devices able to control the rate of release may proof useful at increasing the success of 

phage therapy. Few examples of phage controlled release devices are reported in the literature 

and of the few that have been reported they seem to be inefficient, they have released time 

frames in the order of minutes to a few hours, the release kinetics haven’t been studied in detail 

and a clinical relevant model hasn’t been use to evaluate if phage therapy can be improved with a 

delivery system. Chitosan-alginate microspheres were used by Ma et al. for phage controlled 

release. Phage was released over a period of 6 hours and the studied show that encapsulated 

phage can be protected from a denaturing acidic environment (108). The same research group 

showed that incorporating whey protein in alginate microspheres improves the survival of 

encapsulated phage (109). PLGA microspheres were used to encapsulate phage and release FITC 

labeled phage was measured over 6 hours. The lytic activity of encapsulated phage was poorly 

reported as no titers are given and only qualitative information about presence of plaques is 

reported (110). Korehei and Kadla used poly(ethylene oxide)/cellulose diacetate fibers to 

encapsulate T4 bacteriophage. Release of phage was studied only over 60 minutes (111). 

Vonasek et al. encapsulated phage in whey protein films and showed a total of 106 release over 5 

hours (112). Phage was also encapsulated in poly(vinyl alcohol) nanofibers but the release 

kinetics were not studied (113). Lastly, Dini et al. encapsulated phage in a matrix blend of 

alginate/pepsin biopolymers. This study showed protection of encapsulated phage to low pH and 

to proteases in addition to release over 4 hours (114).  

Extensive literature research yielded only the studies highlighted above expanding a time 

period between 2008 and 2014. The recent increasing interest in phage therapy suggests that 

formulating better preparations will play a key role in achieving clinical success.  
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2 Prolonged Release of Bioactive Model Proteins from 
Anionic Microgels Fabricated with a New 
Microemulsion Approach1 

 

2.1 Abstract 
 

Purpose Therapeutic proteins have become an integral part of health care. However, their 

controlled delivery remains a challenge. Protein function depends on a delicate three dimensional 

structure, which can be damaged during the fabrication of controlled release systems. This study 

presents a microgel-based controlled release system capable of high loading efficiencies, 

prolonged release and retention of protein function. 

Methods A new DMSO/Pluronic microemulsion served as a reaction template for the 

crosslinking of poly(acrylic acid) and oligo(ethylene glycol) to form microgels. Poly(acylic acid) 

molecular weights and microgel crosslinking densities were altered to make a series of 

microgels. Microgel capacity to capture and retain proteins of different sizes and isoelectric 

points, to control their release rate (over ~30 days) and to maintain the biofunctionality of the 

released proteins were evaluated. 

Results Microgels of different sizes and morphologies were synthesized. Loading efficiencies of 

100% were achieved with lysozyme in all formulations. The loading efficiency of all other 

proteins was formulation dependent. Release of lysozyme was achieved for up to 30 days and the 

released lysozyme retained over 90% of its activity.  

Conclusions High loading efficiencies and prolonged release of different proteins was achieved. 

Furthermore, lysozyme’s functionality remained uncompromised after encapsulation and release. 

This work begins to lay the foundation for a broad platform for the delivery of therapeutic 

proteins. 

1
Reprinted with permission from Pharmaceutical Research, 33(4). Rios JL, Lu G, Seo NE, Lambert T, Putnam D., 

Prolonged Release of Bioactive Model Proteins from Anionic Microgels Fabricated with a New Microemulsion 

Approach, 879-92, Copyright 2016 Springer.  
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2.2 Introduction 
 

The advent of modern biotechnology has seen a remarkable increase in the number of 

therapeutic proteins, and many potential protein drug candidates are in the development pipeline 

(1). Currently the FDA has approved more than 130 protein-based pharmaceutical products (2,3) 

with an estimated market annual growth rate of 7.08% projected until 2016 (4). While modern 

biotechnology has made the production of protein pharmaceuticals possible, there are substantial 

hurdles to be overcome. Protein function depends on a delicate three dimensional structure, 

which can be compromised by both proteolytic/chemical degradation and physical/shear forces 

(5). Because of these characteristics, combined with their high molecular weight, which makes 

passive transport through biological membranes difficult, oral administration is largely 

ineffective for systemic indications. To date, almost all therapeutic proteins are administered by 

the parenteral route and often require frequent administration due to their short half-lives (2). 

The delivery of protein therapeutics at defined dosage in a safe and minimally invasive manner 

remains a prominent challenge in the field. Therefore, there is an increasing need for well-

defined controlled release protein delivery systems. 

Polymeric hydrogel microparticles, referred to as microgels herein, have received recent 

attention for their potential use as controlled release protein delivery vehicles (6–8). Microgels 

are micron-scale cross-linked three dimensional networks of hydrophilic polymers that swell in 

aqueous environments. The cross-linked networks can be formed by a variety of means including  

physical entanglement, ionic interactions, or covalent bonds (9). Biodegradable microgels can be 

synthesized by inclusion of degradable linkages in the polymer or the crosslinker. Microgels also 

can be designed to have unique characteristics such as the ability to undergo volume changes in 

response to external stimuli such as pH, temperature or ionic strength, which can be used to 
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develop environmentally responsive drug delivery systems (10). Furthermore, the micron-scale 

size of microgels can allow for their injection by standard methods. 

Acrylic acid (AA) is one building block used in the synthesis of microgels and its 

polymerized form, poly(acrylic acid) (pAA), is generally biocompatible (11,12).  Most studies 

that use AA for microgel synthesis report various forms of emulsion/suspension polymerization 

as the preferred formulation method. This method is effective but it has drawbacks. In particular, 

there is poor control over the overall molecular weight of the polymer backbone. Because the 

backbone of pAA is not biodegradable, its elimination from the body is largely restricted to 

glomerular filtration, but this route of elimination is restricted to lower molecular weights.  

Ideally, an injectable controlled release protein delivery system would be eliminable from the 

body to reduce accumulation over time. 

In the present study, a new approach toward the synthesis and fabrication of microgels 

composed of pAA cross-linked with oligo(ethylene glycol) (OEG) is reported.  The microgels 

are unique in two ways.  First, the pAA backbone is first synthesized by RAFT polymerization to 

well- defined molecular weights with narrow polydispersity. Second, the microemulsion used to 

crosslink and fabricate the microgels is a newly developed system of DMSO microdroplets 

suspended by homogenization in Pluronic® L35 as the continuous phase to create well-defined 

and tunable microreaction templates.  Specifically, a series of pAA-OEG cross-linked microgels 

was prepared by changing the cross-linking density and the molecular weight of the pAA.  To 

our knowledge, this two-stage microgel synthesis and formulation approach has not been 

reported, and it provides a distinct opportunity to maintain control over the microgel architecture 

and molecular weight of the pAA, which was kept below its glomerular filtration limit of 

Mw~40,000 (13).  The ability of the microgels to retain proteins was assessed using proteins with 
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different molecular weights and different isoelectric points (pI) (Table 1) to help better 

understand the collective effects of microgel porosity and charge on protein absorption. The 

controlled release of proteins from the microgels was evaluated in-vitro and the protein activity 

(using lysozyme enzymatic activity as a model) was quantified to establish that protein activity 

was retained over the course of 30 day release.   

 

 

  

 

Protein 
Molecular Weight 

(kDa) 
Isolectric Point 

Charge at 

pH=7.4 

Lysozyme 14.3 11.35 + 

Hemoglobin 64.5 6.8 ~neutral 

Myoglobin 17.7 7.2 ~neutral 

β-lactoglobulin 18.4 5.1 - 

Bovine serum 

albumin 66.5 4.7 - 

 

 

 

 

 

 

 

 

 

 

Table 2.1. Properties of proteins loaded in microgels. Different physicochemical 

characteristics such as charge and molecular weight were investigated to explore the 

versatility of the microgels for controlled release. 
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2.3 Materials and Methods 
 

2.3.1 Materials 

 

Acrylic acid, anhydrous methanol, 4-cyanopentanoic acid dithiobenzoate (CPA-DB), 

4,4’-azobis(4-cyanopentanoic acid) (A-CPA), dimethyl sulfoxide, 4-methylmorpholine (NMM), 

tetraethylene glycol, Pluronic® L35, lysozyme, hemoglobin, myoglobin, β-lactoglobulin, bovine 

serum albumin and M. lysodeikticus were purchased from Sigma-Aldrich and used without 

further purification. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMTMM) was purchased from Tokyo Chemical Industry America. Phosphate buffered saline 

(PBS) was purchased from Cellgro. BCA Protein Assay Kit was purchased from Thermo Fisher 

Scientific.  

 

2.3.2 Synthesis of poly(acrylic acid) 

 

 Acrylic acid was polymerized by reversible addition-fragmentation chain transfer 

(RAFT) polymerization. This technique allows for the synthesis of polymers with well controlled 

molecular weights and relatively narrow PDI. The polymerizations were carried out as 

previously reported by our group (14). The amounts of CPA-DB and A-CPA were adjusted to 

achieve different molecular weights. A representative polymerization to synthesize pAA with Mn 

of 15,500 and PDI of 1.3 was performed as follows:  CPA-DB (184 mg, 0.659 mmol) and A-

CPA (46 mg, 0.164 mmol) were combined in a Schlenk flask with a magnetic stir bar. 

Anhydrous methanol was purged with dry nitrogen for 10 minutes then added (36.6 mL) to the 

CPA-DB and A-CPA mixture in the Schlenk flask, followed by complete dissolution with 

stirring. AA (9.5 mL, 0.138 mol) was then added into the Schlenk flask, a condenser column 

fitted to the flask and the entire system was purge with dry nitrogen for an additional 15 minutes. 
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The reaction vessel was covered with aluminum foil to protect the reactants from light and the 

polymerization initiated by lowering the reaction flask into a 60 °C oil bath with continuous 

stirring. The reaction was stopped at 48 hours by placing the Schlenk flask in an ice bath and 

exposing the contents to air. The cooled solution was directly transferred into Spectra/Por 

regenerated cellulose dialysis tubing (3.5 kDa MWCO) and dialyzed against deionized water for 

one week. The product was recovered by lyophilization.  

The Mw, Mn, and PDI of the resulting pAA were determined using a Waters gel 

permeation chromatography (GPC) system equipped with Ultrahydrogel columns in series, 1515 

isocratic HPLC pump and 2414 refractive index detector with temperature controlled at 30 °C. 

The mobile phase used was phosphate buffer saline (pH=7.4) at a rate of 0.8 mlmin-1 and 

calibrated with poly(acrylic acid), sodium salt standards. 1H NMR was used to confirm the 

structure of the resulting pAA. 

 

2.3.3 Preparation and Characterization of Microgels 

 

The microgels were synthesized by cross-linking the carboxylate side chains of pAA with 

the alcohol end-groups of OEG via esterification. The esterification was facilitated with 

DMTMM, previously shown as an effective condensation reagent (15), see Figure 2.1 for a 

schematic of the reaction. In a typical reaction, pAA (120 mg) was dissolved in dimethyl 

sulfoxide (1.5 mL). Varying amounts of DMTMM and NMM were added to this solution 

depending on the molar ratios of the reaction, see Table 2. After complete dissolution, the OEG 

was added to this solution with stirring until homogeneity was achieved. The reaction solution 

was then added all at once to a 100 mL beaker containing Pluronic® L35 (40 g), which acts as the 

continuous phase, and the resulting microemulsion was stirred at 750 rpm using a Silverson 

L5M-A homogenizer with a 3/4” head for 4 hours at room temperature. The microgels were 
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isolated by centrifugation at 9500 rpm and the supernatant of Pluronic® L35 was decanted. The 

microgels were thoroughly washed by at least 5 cycles of re-suspension in deionized water, 

centrifugation and decantation.  Lastly, the microgels were suspended in a small volume of 

deionized water and lyophilized to dryness. Size fractionation by differential centrifugation was 

also used to isolate ranges of microgel sizes. Specifically, microgels were suspended in 

deionized water and centrifuged at 1000 rpm for 2 minutes, at which point the supernatant and 

pellets were separated into different fractions of smaller and larger size microgels. The 

morphology and size of the microgels was observed using scanning electron microscopy (SEM) 

(Tescan MIRA3) and the incorporation of OEG was assessed by FTIR spectroscopy (Hyperion 

2000, Bruker). To confirm that the microgels can degrade back into the original Mn of pAA used 

in the formulation, a forced degradation studied was performed. Briefly, 10 mg of microgels 

were suspended in 1 N NaOH under stirring to create an initially turbid solution that became 

clear after 2 hours. This solution was then dialyzed against DI water using Spectra/Por 

regenerated cellulose dialysis tubing (3.5 kDa MWCO) overnight to remove residual NaOH, 

lyophilized and re-dissolved in buffer for GPC analysis (as above).  
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Table 2.2: Formulation parameters of synthesized microgels used in this study. The molecular 

weight of both polymers was kept under the glomerular filtration limit of ~40,000. The 

COOH:PEG molar ratio represents the ratio between the carboxylate side chains of the pAA to 

the OEG.  

Microgel 
Poly(acrylic acid) 

Mn (g/mol) 

Oligo(ethylene 

glycol) Mn (g/mol) 

Molar Ratio 

COOH:OEG 

Molar Ratio 

COOH:DMTMM 

M1 9,800 194 1:0.8 1:0.6 

M2 9,800 194 1:0.4 1:0.6 

M3 9,800 194 1:0.2 1:0.6 

M4 9,800 194 1:0.8 1:0.2 

M5 9,800 194 1:0.4 1:0.2 

M6 9,800 194 1:0.2 1:0.2 

M7 15,500 194 1:0.8 1:0.6 

M8 15,500 194 1:0.4 1:0.6 

M9 15,500 194 1:0.2 1:0.6 

M10 15,500 194 1:0.8 1:0.2 

M11 15,500 194 1:0.4 1:0.2 

M12 15,500 194 1:0.2 1:0.2 
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Figure 2.1. Schematic of cross-linking reaction to form microgels. The alcohol end-groups of 

OEG are condensed with the carboxylate side-chains of pAA facilitated by the addition of 

DMTMM. 
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2.3.4 Protein Loading 

 

 To quantify protein loading, dry microgels (5mg) were suspended in protein solution (2 

mg/mL, 2 mL total) in PBS at 37 °C under gentle rotation (8 RPM) in polypropylene Eppendorf 

tubes. The microgels were allowed to incubate for 24 hours then recovered by centrifugation 

(5000 rpm, 5 min), followed by one wash with PBS in the same fashion.  The supernatants were 

isolated and the protein-loaded microgels were flash frozen in liquid nitrogen and lyophilized to 

dryness. The supernatants were stored at 4 °C prior to quantitation of protein concentration. The 

supernatants were assayed using a Thermo Scientific Pierce bicinchoninic acid Protein Assay Kit 

(BCA assay) for protein concentration to calculate the amount of protein loaded. The protein 

loading efficiency (LE) was calculated using Eq. 1: 

𝐿𝐸 (%) =
𝑃𝐿

𝑃𝑇
× 100% 

where 𝑃𝐿 is the amount of protein loaded in the microgels and 𝑃𝑇 is total amount of protein. 

 The distribution of loaded lysozyme within the microgel network was investigated using 

confocal microscopy. Lysozyme was labeled with FITC by preparing 10 mL of a 2 mg/mL 

lysozyme solution in borate buffer at pH 8.5 and then adding 500 μL of a 1 mg/mL solution of 

FITC in DMSO. The reaction was allowed to incubate overnight at 4°C under gentle stirring and 

protected from light. The FITC-labeled lysozyme was purified by dialysis against distilled water 

and lyophilized. Formulation M1 and M4 were loaded with FITC-labeled lysozyme as described 

above then imaged using a Zeiss LSM 710 confocal microscope.  
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2.3.5 Protein Release 

 

 Protein-loaded and lyophilized microgels were suspended in 1 mL of PBS in 

polypropylene Eppendorf tubes and incubated with rotation (8 RPM) at 37 °C. At specific time 

points, the microgels were separated from the buffer by centrifugation (5 min, 5000 rpm), 

whereupon the supernatant was collected in its entirety and replaced with 1 mL fresh PBS. The 

supernatant was then assayed using the BCA assay to quantify the protein concentration. 

2.3.6 Lysozyme Activity Assay 

 

 The biological activity of released lysozyme was determined using the M. lysodeikticus 

assay (16). A 0.01% w/v suspension of M. lysodeikticus was made in potassium phosphate buffer 

(66 mM, pH 6.24) prepared from potassium phosphate monobasic and potassium phosphate 

dibasic crystals. A 15 µL aliquot of appropriately diluted lysozyme solution was added into a 96 

well-plate and mixed with 200 µL of prepared M. lysodeikticus suspension. Immediately after, 

the plate was placed in a SpectraMAX Plus384 Microplate Reader (Molecular Devices Corp.) 

and the absorbance was monitored for 6 minutes (450 nm, 25 °C). Each sample was measured in 

triplicate. The lysozyme activity was determined from the slope of the linear portion in the plot 

of absorbance versus time. One Enzyme Unit (EU) was defined as the change in absorbance (450 

nm) of 0.001 per minute at 25 °C. The activity was then compared to that of native lysozyme to 

quantify loss in activity relative to unencapsulated lysozyme. 
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2.4 Results and Discussion 
 

pAA-OEG cross-linked microgels were synthesized using a new approach. Rather than 

mixing and reacting monomer mixtures in an uncontrolled fashion, microgels were synthesized 

by the crosslinking of well-defined pAA backbones within a DMSO/Pluronic microemulsion. 

Formulations with different characteristics were achieved by varying the Mn of pAA, the 

crosslinking density and the emulsion characteristics in which the crosslinking took place. In this 

study, we evaluated the microgel’s ability to capture proteins of different sizes and pI’s, control 

their release and to maintain the integrity and function of the released proteins. Lastly, to better 

understand how the microgels controlled the rate of protein release, ion-exhange was 

investigated by conducting the release experiments in buffers with variable ionic strength while 

holding the pH constant. The protein capture and release kinetics were formulation dependent, 

thereby allowing significantly different release kinetics for different potential clinical 

applications. 

2.4.1 Synthesis and Characterization of Poly(acrylic acid) 

 

pAA was synthesized by RAFT polymerization to enable control over Mn and 

polydispersity. Such control allows the synthesis and formulation of well-defined microgels to 

ensure that subsequent degradation products can be below the upper limit of glomerular filtration 

to prevent accumulation of the polymer and enhance the potential of clinical translation. For this 

report, pAA with two Mn’s were synthesized (Mn 9,800 and 15,500) with polydispersities of 1.2 

and 1.3, respectively. These Mn’s are well below the upper limit of glomerular filtration for pAA 

(13), thereby allowing even soluble degradation products with a low degree of crosslinking to 

remain below the glomerular filtration limit. For the sake of brevity, these polymers are 

abbreviated as pAA(9) and pAA(15) throughout the manuscript. 1H NMR confirmed the 
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structure of pAA with peaks at 1.3-2.0 ppm and 2.3-2.6 ppm corresponding to the backbone 

protons of the polymer (Figure 2.2) (14). A peak at around 3.7 corresponds to partial methylation 

of the carboxylate side-chains resulting from methanol as the polymerization solvent and peaks 

at 2.6 and 4.4 correspond to acrylic acid dimers that remain functional groups for crosslinking 

with OEG (17). 

 

2.4.2 Characterization of pAA-OEG Microgels 

 

 The size and morphology of microgels are important to match the system characteristics 

with potential clinical applications. Furthermore, maintaining control over these parameters 

increases the versatility and functionality of the system. For example, for intracellular delivery 

into non-phagocytocic cells (e.g. endothelial, epithelial etc.), the upper particle diameter size 

limit is <1 m with optimal sizes < 200 nm (18,19). For delivery into phagocytic cells a size 

range between 1-3 m is optimal (20,21) and lastly, if the particles are designed to remain 

localized at the site of administration, particle sizes exceeding 10 m are desired to avoid 

clearance by phagocytic cells. SEM was used to visualize and determine the size and 

morphology of the microgels derived from various formulation conditions. Both the size and 

shape of the microgels depended greatly on the cross-linking density. The general pattern 

showed that as the cross-linking density decreased, the microgels became bigger and less 

spherical (Figure 2.3). Microgels of different size populations were isolated by differential 

centrifugation (Figure 2.4). The small fraction consists of microgels      < 5 µm in diameter and 

the large fraction contained microgels reaching up to 20 µm in diameter. As previously 

mentioned, the microgel sizes are important when considering potential therapeutic applications. 

The incorporation of OEG into the microgels was verified in two ways. First, when OEG was 
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omitted from the microgel synthesis protocol, no microgels were obtained. Second, FTIR was 

performed on pAA, OEG and microgels. It can be observed that FTIR spectra of the microgels is 

a combination of the pAA and OEG spectra (Figure 2.5). Another important aspect of the 

microgels is their ability to degrade into the original components, thus ensuring that degradation 

products are within the limits of glomerular filtration. Upon forced degradation in 1 N NaOH, 

the resulting product was analyzed by GPC (Figure 2.6). The chromatograms of the pAA used to 

synthesize the degraded microgels and the degradation product overlay well with each other, 

thereby supporting the premise that the microgels can degrade back into components used in 

their synthesis and are able to degrade to Mn below the glomerular filtration limit (2.7).  
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Figure 2.2. 1H NMR of pAA synthesized by RAFT polymerization.  Peaks (a) and (b) 

correspond to the backbone protons.  Peak ‡ corresponds to partial methylation of the 

carboxylate side-chain which occurs during polymerization in methanol. Peak * corresponds 

to dimerization of the monomer, as has been previously reported in the literature (39).  
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Figure 2.3. Representative scanning electron microscopy of representative microgels. Higher 

cross-linking density (M1) leads to smaller more spherical microgels compared to more 

loosely cross-linked formulations (M6) which leads to more porous microgels. 
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Figure 2.4. Differential centrifugation of microgels. A) shows the larger fraction that pellets 

at 1000 rpm and B) shows the microgels recovered from the supernatant. The larger fraction 

is more heterogeneous and contains particles of up to ~20 µm while the smaller fraction 

contains particles less than 5 µm.  
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Figure 2.5. FT-IR spectroscopy of microgels, OEG and pAA. The FT-IR spectra of the 

microgels closely resembles that of pAA and distinct peaks from the OEG are shown with the 

black bold arrows.  
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Figure 2.6. GPC chromatogram of pAA used in microgel synthesis (solid line) and 

product from forced microgel degradation (dashed line). The degradation product 

chromatogram overlays well with that of the pAA used to synthesize the microgels. The 

degradation chromatogram also exhibits a tail of higher molecular weight chains, most 

likely corresponding to lightly cross-linked pAA.  
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2.4.3 Protein Capture by Microgels 

 

 Unlike traditional microencapsulation methods, proteins were incorporated into 

microgels only after their synthesis, purification, lyophilization and characterization (i.e., post-

loading). Using a post-loading approach prevents formulation complications, such as side 

reactions with the protein or protein denaturation from exposure to surfactants and high sheer 

stresses, that can occur  during microgel formation (22,23). However, one drawback to the post-

loading method is the relatively low loading efficiencies, which can lead to the administration of 

large microgel quantities to achieve therapeutically relevant protein concentrations (23,24). The 

pAA-OEG microgels capture capability of proteins with varying molecular weights and pIs was 

assessed. Lysozyme was determined to have loading efficiencies approaching 100% (0.8 mg 

protein/mg microgel) (Figure 2.7a-d). This high degree of loading is attributed to lysozyme’s 

relatively low molecular weight (14.3 kDa) and net positive charge at pH 7.4 (lysozyme pI = 

11.35).  The unreacted and free carboxyl groups of the pAA-OEG microgels (pKa ~4.35) are 

negatively charged at pH 7.4, thereby facilitating polyionic interactions between the microgel 

backbone and the protein, leading to high loading efficiency. The maximum amount of lysozyme 

loaded was measured by incubating the M1 microgel (5 mg) with 2 mL of a 10 mg/mL lysozyme 

solution in PBS. It was determined that lysozyme loading was 63% w/w. This protein loading 

efficiency is significantly higher than other microgel/hydrogel systems that make use of the post-

loading method. For example, the group of Ding et al. reported the loading of proteins into lactic 

acid-Pluronic® F127 microgels of 8.7% w/w for hemoglobin, 9.7% w/w for albumin and 7% w/w 

for lysozyme (23). Using principles of aqueous two-phase extraction McBride et al. reported 

increased loading efficiencies with the post-loading method into dextran gels achieving 

ovalbumin loading of 27% w/w and α-amylase of 6.7% w/w (24).   
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Myoglobin and hemoglobin also had relatively high loading efficiencies into the pAA-

OEG microgels, approaching 100% for some formulations, following a trend in which the least 

cross-linked formulations led to higher loading efficiencies (Figure 2.7a-d). One advantage of 

hemoglobin and myoglobin loading is that it could be qualitatively assessed visually by 

observing the change in color of both the supernatant and the microgels (Figure 2.8). Albumin 

had lower overall loading efficiencies and did not load at all in some formulations, but was 

loaded into others with efficiencies exceeding 70%. The higher loading efficacy was unexpected 

because albumin is negatively charged at pH 7.4 and Columbic repulsion was expected with the 

carboxyl groups of the microgel matrix. This phenomenon has been observed by other groups as 

well. Albumin absorbs to pAA-coated microspheres even though both components are negatively 

charged (25,26). Furthermore, other proteins have been shown to complex with polyelectrolytes 

even under conditions in which both components are liked-charged (27). A theoretical 

framework to explain this phenomenon in thermodynamic terms has been proposed (28–30). In 

brief, the thermodynamic argument to support the results is that while the net charge of albumin 

at pH 7.4 is negative, patches of positive charges remain on the protein surface that can interact 

with the negatively charge “patches” of pAA. The positive patch acts as a multivalent ion 

segment that can associate with the multiple negative charges on the pAA. The physical 

phenomenon of counterion release (or counterion release force) also contributes to the interaction 

by the favorable increase in entropy (31). 

The distribution of loaded lysozyme within the microgels was also evaluated using 

microgels loaded with FITC-labeled lysozyme. The microgels were imaged under confocal 

microscopy and Z-stacks were taken to investigate the distribution of lysozyme within both high-

crosslinked (M1) and low-crosslinked (M4) microgels. It was found that lysozyme is distributed 
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throughout the microgel and no apparent differences in the distribution are found between the 

formulations (Fig. 2.9) 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Protein loading efficiency into all microgel formulations, a) M1-M3, b) M4-M6, 

c) M7-M9, d) M10-M12. Lysozyme showed loading efficiencies greater than 90% for all 

formulations. There was a general trend of increasing loading efficiency with decreasing 

cross-linking density.  All samples were conducted in triplicate. 
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Figure 2.8: Images showing qualitative information on myoglobin and hemoglobin loading. 

Comparing the protein stock to the supernatant, one can infer successful loading from the 

color change. *M12 shows only the recovered supernatant, no pellet present.  
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Figure 2.9 Confocal orthogonal images showing the distribution of lysozyme within formulation 

M1 (densely cross-linked, left figure) and M4 (lightly cross-linked, right figure). The circular 

image in the center of each figure is a Z-slice of the full microgel. The images to the right and 

bottom of each figure are the orthogonal images of the Z-slice. The continuous green 

dissemination throughout each image shows that lysozyme is distributed throughout the microgel 

in both formulations, thus ruling out loading distribution differences as the cause for differences 

in the release rate. Scale bar=5 μm. 
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2.4.4 In-vitro Protein Release and Activity 

 

 To evaluate how protein release kinetics related to microgel composition, in-vitro release 

studies were conducted for proteins loaded into the microgel formulations. The characteristics of 

each protein (e.g. molecular weight, pI) and of each microgel formulation (e.g. crosslinking 

density, anionic charge density) can influence protein release kinetics.  

Lysozyme was released over periods of up to one month (Figure 2.10) with some 

formulations while retaining its enzymatic activity (Table 3). Lysozyme has been released from 

other hydrogel systems but rarely for such prolonged times. For example, over 65% of lysozyme 

was released within 30 hours from peptide nanofiber hydrogels (32) and full release of lysozyme 

was observed within 6 days from dextran hydrogels (33). Additionally, a study attempting to 

make use of opposite electrostatic interactions using anionic dextran hydrogels reported 

cumulative release of over 50% of cytochrome C (MW=12,384 kDa, pI=10.2) within 50 hours 

(22). In the pAA-OEG microgels, formulations M4-M6 released ~50% of lysozyme at 13 days 

and kept releasing lysozyme up to 30 days. Furthermore, lysozyme’s release rate was slowest in 

the least cross-linked formulations, which is opposite of convention.  Generally, compounds 

entrapped within hydrogel matrices release by diffusion more quickly in hydrogels with lower 

crosslinking densities (34).  However, for these pAA-OEG microgels, low crosslinking density, 

due either to lower OEG content or lower DMTMM content during synthesis, leads to a higher 

free carboxyl content. Lysozyme retains a net positive charge at pH 7.4 and therefore has an 

electrostatic affinity towards the microgel matrix, and the magnitude of the electrostatic 

attraction increases with decreasing crosslinking density. We postulated that the mechanism of 

lysozyme release from the matrix was by ionic exchange with the salts present in the PBS release 

medium. To evaluate this proposed release mechanism, lysozyme release studies from 
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formulations M5 and M8 were conducted in 4X PBS to evaluate the effect of ionic strength on 

the rate of release (Figure 2.11). Lysozyme was fully released within two hours, strongly 

suggesting that a dominating mechanism of release is through ionic exchange. The Mn of the 

pAA used in the formulations also seem to influence the rate of release of the lysozyme. 

Formulations made with pAA(15) had a faster rate of release than formulations made with 

pAA(9). This trend might be attributed to a reduced total number of polymer chains within the 

microgel matrix thereby increasing the diffusivity of lysozyme within the matrix. In addition to 

prolonged release, the lysozyme released from the microgels retain its functionality as measured 

by its enzymatic activity relative to native lysozyme (Table 3). Lysozyme released from 

formulations M7 through M12 retained over 90% activity when compared to native lysozyme. 

From these results, it can be postulated that the post-loading incorporation of proteins and their 

retention within the microgels imparts minimal damage to the three dimensional structure of the 

protein. 

Myoglobin release from the microgels was also investigated. The release mechanism for 

myoglobin appeared different from that of lysozyme highlighting the importance of considering 

the characteristics of the protein to be released. Myoglobin showed an initial burst release 

followed by slow release (Figure 2.12). It was also found that, in general, formulations with the 

least OEG content had a more pronounced burst release and a faster initial rate of release. The 

same trend was also seen with decreasing DMTMM content. The burst release amount varied 

from 30-50% of total protein for formulations with the higher DMTMM content. The burst 

release phase is followed by a period of very slow release. Even when 4X PBS was used, further 

release was not observed (data not shown). This is indicative of a strong and non-ionic 

interaction between the myoglobin and the pAA-PEG microgel. Furthermore, a studied by Cruise 
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et al. gives some insight into the mesh size of this network. They report that myoglobin was 

unable to diffuse through PEG-diacrylate hydrogels with a mesh size of less than 35 Å (35). 

Thus even the most cross-linked of the pAA-OEG microgels (e.g. formulations M1 & M7) have 

a mesh size bigger than 35 Å. 

Hemoglobin released at a much slower rate than the other proteins from the microgels 

(Figure 2.13). The fact that hemoglobin had high loading efficiencies and slow release rates 

suggests that there is a strong interaction between the microgel matrix and hemoglobin. 

Switching the release medium to 4X PBS did not increase the rate of release suggesting that it is 

not an ionic interaction. To further investigate the nature of the hemoglobin affinity towards the 

microgel’s matrix, the effect of free pAA and OEG in solution was investigated. The hemoglobin 

forms a cloudy solution when attempting to dissolve it in a 0.5 mg/mL solution of pAA in PBS, 

as opposed to a clear solution when dissolved in PBS or PBS with OEG. This is not surprising as 

pAA has been previously used for protein precipitation and it is known that hemoglobin can 

interact with pAA in solution (36–38). From this result it is postulated that the pAA component 

of the microgel matrix interacts with hemoglobin. β-lactoglobulin was fully released within the 

first 6 hours from all formulations (data not shown). It is an expected result because of β-

lactoglobulin’s negative charge and relatively low molecular weight.  
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Figure 2.10: Lysozyme release kinetics from all formulations, a) M1-M3, b) M4-M6, c) M7-

M9, d) M10-M12. There was a general trend in which the more densely cross-linked 

formulation, M1, M4, M7 and M10 showed the fastest release. The more densely cross-linked 

formulations have less free carboxylate side chains, thus are less negatively charged. 

Lysozyme is a positively charged protein at the experimental pH and its release can be 

modulated by the charge density of the microgel network.  
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Figure 2.11: Comparison of lysozyme release in 1X and 4X PBS for microgel formulations 

M5 and M8. When released in higher ionic strength all lysozyme is released within 2 hours. 

This supports the premise that the main mechanism of lysozyme release is ionic exchange. 

The more ions present in solution, the quicker lysozyme can be displaced and released into 

solution.  
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Table 2.3: Percent of lysozyme activity remaining upon release from microgels relative to native 

lysozyme. 

Formulation Time (d) % activity 

M1 18 70 ± 19 

M2 20 71 ± 8 

M3 20 66 ± 5 

M4 20 98 ± 6 

M5 20 98 ± 20 

M7 5 98 ± 14 

M8 5 95 ± 12 

M9 31 107 ± 7 

M10 21 93 ± 3 

M11 24 82 ± 35  

M12 24 98 ± 4 
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Figure 2.12: Myoglobin release from all formulations. Myoglobin showed a faster release 

rate than lysozyme and the least cross-linked formulation had the fastest initial rate of release 

as well as more complete total released protein.  
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Figure 2.13: Hemoglobin release kinetics from microgels. Hemoglobin release was very slow 

compared to lysozyme and myoglobin.  
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2.5 Conclusion 
 

 A new method for the fabrication of microgels using pAA cross-linked with OEG was 

developed. Control over the size of the polymers ensures that the molecular weight of 

subsequently solubilized pAA resulting from microgel degradation will be below the glomerular 

filtration limit for elimination from the body. The pAA-OEG microgels captured proteins with 

high efficiency compared to other systems that use the post-loading method. It was also shown 

that the loading efficiency depends on the characteristics of both the protein and microgel 

formulation. In-vitro protein release kinetics were assessed and it was shown that the release of 

lysozyme is mechanistically governed by ionic exchange. Myoglobin’s release appeared to be 

more diffusion dependent as the burst release and rate of the burst increased with decreasing 

cross-linking density. Hemoglobin had the slowest release and it was found that the pAA can 

interact strongly with hemoglobin in solution. Therefore, the release of hemoglobin might be 

more dependent on the degradability rate of the microgel matrix. The rate of release of the 

proteins can be modulated by changing the formulation parameters. The small negatively 

charged protein β-lactoglobulin released as a burst, as expected given its molecular 

characteristics. Also, as shown by the retention of lysozyme’s enzymatic activity, the microgel 

network does not damage the incorporated proteins, which of the upmost importance when 

designing a therapeutic protein drug delivery system.  

 This work begins to lay the foundation for the creation of a broad platform for the 

delivery of therapeutic proteins. Depending on the characteristics of the protein of interest, the 

timeframe on which release is required and the therapeutic target, a formulation can be tailored 

made to satisfy pre-defined release requirements. It is anticipated that further fine-tuning of the 



 

71 

 

system and incorporation of functional modalities to the network can increase the range of 

potential applications.  
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3 Encapsulation and Prolonged Release of 

Bacteriophage from Anionic Microgels 
 

3.1 Abstract 

 
Purpose  There is an alarming worldwide surge of antibiotic resistant pathogens due to antibiotic 

over-prescription. Phage therapy, an antibiotic therapy widely use in the Easter European nation 

of Georgia, is being considered again in western medicine to complement antibiotic treatment of 

resistant bacteria strains. This study presents a microgel-based phage controlled release system 

capable of encapsulating phage, prolonged release and retaining the phage lytic activity.  

 Methods  A recently developed DMSO/Pluronic microemulsion was used to fabricate 

poly(acrylic acid) cross-linked with poly(ethylene glycol) microgels. P1 and EcoActiveTM were 

encapsulated into microgels using the post-loading method. Controlled release of phage was 

evaluated over a period of 15 days and the lytic activity of released phage was evaluated. 

Results  Microgels successfully encapsulated phage and prolonged the release of phage over 20 

days. The Korsmeyer-Peppas model was applied to the release profiles and it showed that the 

release is of the pseudo-Fickian type. Released phage also maintain lytic activity up to 15 days of 

release.  

Conclusion  The controlled release of phage is longer and the total amount of phage lytic activity 

released is greater than any phage delivery system reported on in the literature.  
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3.2 Introduction 

 
 The common historical narrative of antimicrobial agents begins with Alexander 

Fleming’s discovery of penicillin, a finding he published in 1929 in the British Journal of 

Experimental Pathology (1). However, before penicillin, other ubiquitous and naturally occurring 

antimicrobial agents were discovered, known as bacteriophages and discovered by Felix 

d’Herelle in 1917 (2). Bacteriophages are viruses that infect bacteria, replicate within the host 

and lyse the bacterial cell. Soon after this discovery d’Herelle begin studies on the use of 

bacteriophage for the treatment of infections, first in veterinary applications (3) and soon after in 

humans. Bacteriophage therapy, or “phage therapy” was used to effectively treat bubonic plaque, 

cholera and wound infections (4–7). However, the discovery of antibiotics, which are relatively 

easy to manufacture in large scale and are effective towards a broad spectrum of pathogens, 

combined with the demand exerted by the second World War, cause a waning interest in 

bacteriophage therapy in the west. Behind the iron curtain of the Soviet Union the story was a 

little different. Phage therapy continued to be widely used due to restricted access to antibiotics 

from the west, and up to this date phage therapy is still being used in Russia, Georgia and 

Poland. In fact, the Elavia Institute, a leading institute in phage therapy, is located in Tbilisi, 

Georgia (8).  

 There is an alarming worldwide surge in antibiotic resistant pathogens due to the 

increased over prescription of antibiotics (9). The Center for Disease Control and Prevention 

(CDC) recently reported that 1 in 7 surgical site infections in hospitals are cause by antibiotic 

resistant bacteria (10). It is evident that new sources of antimicrobial agents are needed to 

overcome the current h of antibiotics. The worrisome concept of “superbugs” has focus attention 

back on bacteriophage therapy (8,11,12).  
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Phages have some advantages over antibiotics that makes them attractive as an alternative 

or complementary therapy. Phages are purely natural agents that do not require any synthetic 

methods for fabrication, and have never been shown to cause adverse side effects in humans. 

Additionally, phages are highly specific to a bacterial species; therefore, they can target only the 

pathogenic bacteria while sparing and leaving intact the body’s microflora, compared to broad 

spectrum antibiotics that kill all susceptible bacterial cells regardless whether or not they are 

pathogenic. Once a phage attacks a bacterial host, it replicates exponentially, increasing its own 

concentration and ability to attack more pathogen (11,13). Recent examples of phage therapy 

include treatment of post-burn bacterial infections (14), chronic otitis (15) and other clinical 

studies conducted during the former Soviet Union era, which have been summarized by the 

Eliava Institute (16). A Phase I/Phase II clinical trial was launch by the European Union for the 

treatment of sepsis in burn victims (17). 

 In addition to medicinal applications, phages are being considered for food safety as well. 

Foods meant to be eaten fresh, such as produce and other ready-to-eat foods raise food safety 

concerns. The recent outbreak of food poisoning cases in Chipotle Mexican Grill restaurants 

highlights the risk presented by eating fresh produce (18), especially from high volume 

environments like restaurants. Phages eradicate and limit the growth of susceptible bacteria. 

Some current products on the market (EcoshieldTM and FinalyseTM) are intended to be used on 

meat products and effectively target E. coli O157:H7 (19). Phages have been shown to also 

reduce the amount of unwanted bacteria on fresh produce, deli meats and milk products (20–22). 

Current research trends, with already established products on the market, are indicative that 

phage technology will play a more important role in food safety, and potentially in human health. 

 Current phage preparations for human treatment can be delivered via different routes, 
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including solutions and tablets for oral administrations, dermal preparations, aerosols and 

intravenous formulations (11). Regardless of the method of administration, it is well documented 

that bacteriophage concentration is highest at the site of infection (23–25). In addition, the 

pharmacokinetics of phages are highly temporal and dose dependent because of phage’s ability 

to self-replicate. Payne et al. showed mathematically that inoculating too early or too late can 

lead to therapy failure (26). As such, devices able to control the rate of release of phage maybe 

useful in increasing the success of therapy. At present, there are few examples of novel delivery 

systems for phage therapy. Delivery systems presented in the current literature have phage 

released time frames in the order of minutes to a few hours.  Additionally, release kinetics 

haven’t been studied in detail and a clinically relevant model hasn’t been used to evaluate 

whether phage therapy can be improved with a delivery system.  

Herein, we present the development of a controlled release system for phage using 

polymeric microgels. Previously, similar microgels made by our group were shown to control the 

release of model proteins (27). The microgels are unique in two ways.  First, a poly(acrylic acid) 

(pAA) backbone is synthesized by RAFT polymerization to a well-define molecular weight with 

narrow polydispersity. Second, the microemulsion used to crosslink and fabricate the microgels 

is a newly developed system of dimethyl sulfoxide (DMSO) microdroplets suspended by 

homogenization in Pluronic® L35 as the continuous phase to create well-defined and tunable 

microreaction templates.  The pAA is then cross-linked with poly(ethylene glycol) (PEG) via a 

condensation reaction within the microreaction template leading to microgel formation. A series 

of pAA-PEG cross-linked microgels was prepared by changing the cross-linking density. The 

controlled release of phages was evaluated in-vitro and the phages’ lytic activity was quantified 

using a plaque assay.  
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3.3 Materials and Methods 
 

3.3.1 Materials 

 

Acrylic acid, pol(ethylene glycol) Mn-1500, anhydrous methanol, 4-cyanopentanoic acid 

dithiobenzoate (CPA-DB), 4,4’-azobis(4-cyanopentanoic acid) (A-CPA), dimethyl sulfoxide, 4-

methylmorpholine (NMM), tetraethylene glycol, Pluronic® L35. 4-(4,6-Dimethoxy-1,3,5-triazin-

2-yl)-4-methylmorpholinium chloride (DMTMM) was purchased from Tokyo Chemical Industry 

America. Phosphate buffered saline (PBS) was purchased from Cellgro. BCA Protein Assay Kit 

was purchased from Thermo Fisher Scientific. LB Miller and LB Agar Miller were purchased 

from VWR.  

3.3.2 Synthesis of Poly(acrylic acid) 

 

 Acrylic acid was polymerized by reversible addition-fragmentation chain transfer 

(RAFT) polymerization. This technique allows for the synthesis of polymers with well controlled 

molecular weights and relatively narrow PDI. The polymerizations were carried out as 

previously reported by our group (28). The amounts of CPA-DB and A-CPA were adjusted to 

achieve different molecular weights. A representative polymerization to synthesize pAA with Mn 

of 15,500 and PDI of 1.3 was performed as follows:  CPA-DB (184 mg, 0.659 mmol) and A-

CPA (46 mg, 0.164 mmol) were combined in a Schlenk flask with a magnetic stir bar. 

Anhydrous methanol was purged with dry nitrogen for 10 minutes then added (36.6 mL) to the 

CPA-DB and A-CPA mixture in the Schlenk flask, followed by complete dissolution with 

stirring. AA (9.5 mL, 0.138 mol) was then added into the Schlenk flask, a condenser column 

fitted to the flask and the entire system was purge with dry nitrogen for an additional 15 minutes. 

The reaction vessel was covered with aluminum foil to protect the reactants from light and the 

polymerization initiated by lowering the reaction flask into a 60 °C oil bath with continuous 
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stirring. The reaction was stopped at 48 hours by placing the Schlenk flask in an ice bath and 

exposing the contents to air. The cooled solution was directly transferred into Spectra/Por 

regenerated cellulose dialysis tubing (3.5 kDa MWCO) and dialyzed against deionized water for 

one week. The product was recovered by lyophilization.  

The Mw, Mn, and PDI of the resulting pAA were determined using a Waters gel 

permeation chromatography (GPC) system equipped with Ultrahydrogel columns in series, 1515 

isocratic HPLC pump and 2414 refractive index detector with temperature controlled at 30 °C. 

The mobile phase used was phosphate buffer saline (pH=7.4) at a rate of 0.8 mlmin-1 and 

calibrated with poly(acrylic acid), sodium salt standards. 1H NMR was used to confirm the 

structure of the resulting pAA. 

3.3.3 Preparation and Characterization of Microgels 

 

The microgels were synthesized by cross-linking the carboxylate side chains of pAA with 

the alcohol end-groups of PEG via esterification. The esterification was facilitated with 

DMTMM, previously shown as an effective condensation reagent (29), see Figure 3.1 for a 

schematic of the reaction. In a typical reaction, pAA (120 mg) was dissolved in dimethyl 

sulfoxide (1.5 mL). Varying amounts of DMTMM and NMM were added to this solution 

depending on the molar ratios of the reaction, see Table 2. After complete dissolution, the PEG 

was added to this solution with stirring until homogeneity was achieved. The reaction solution 

was then added all at once to a 100 mL beaker containing Pluronic® L35 (40 g), which acts as the 

continuous phase, and the resulting microemulsion was stirred at 750 rpm using a Silverson 

L5M-A homogenizer with a 3/4” head for 4 hours at room temperature. The microgels were 

isolated by centrifugation at 9500 rpm and the supernatant of Pluronic® L35 was decanted. The 

microgels were thoroughly washed by at least 5 cycles of re-suspension in deionized water, 
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centrifugation and decantation.  Lastly, the microgels were suspended in a small volume of 

deionized water and lyophilized to dryness. Different formulations were prepared by varying the 

molar ratios of the carboxylate side chains of pAA to PEG and to DMTMM. Formulations are 

named by these ratios in the following manner COOH:PEG:DMTMM. For example, 1:0.6:0.6 

means 0.6 moles of PEG and of DMTMM for every mole of carboxylate side-chain. The 

morphology and size of the microgels was observed using scanning electron microscopy (SEM) 

(Tescan MIRA3) and the incorporation of PEG was assessed by FTIR spectroscopy (Hyperion 

2000, Bruker).  

3.3.4 Bacteriophage Propagation, Encapsulation and Release 

 

 Phage P1 was propagated on late-log-phase cultures of E. coli K12 in 250 mL 

Erlenmeyer flasks with lysogeny broth (LB) containing 5 mM CaCl2, 10 mM MgSO4 and 0.2% 

glucose. P1 phage was allowed to incubate with its host for 4 hours at 37 °C under shaking. The 

lysate was then centrifuged at 5000 rpm to pellet cell debris. The lysate was recovered; 

chloroform was added at 1:100 and stored at 4 °C. Phage labeled as EcoActive (EA) Phage 

provided by Intralytix, Inc. was propagated in E. coli NC101, kindly provided by the laboratory 

of Dr. Kenneth W. Simpson at Cornell University, using the same method described above.  

 Phage lysate was concentrated using Amicon® Ultra-15 centrifugal filters with a 100 kDa 

NMWL. Phage was then re-suspended in PBS and 1 mL of re-suspended Phage (2.15 X 109 

pfu/mL) was added to 5 mg of dry microgels and incubated for 16 hours at 4 °C under gentle 

rotation (8 rpm) in polypropylene Eppendorf tubes. Microgels were then recovered by 

centrifugation (5000 rpm, 5 min), supernatants were isolated and immediately tittered with a 

plaque assay for lytic activity and stored at 4 °C for subsequent protein quantification. Phage-

loaded microgels were then re-suspended with 1 mL of PBS and incubated at 37 °C under 
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rotation (8 rpm). At specific time points, the microgels were separated from the buffer by 

centrifugation (5 min, 5000 rpm), the supernatant was collected and replaced with 1 mL of fresh 

PBS.  Supernatants were then tittered with plaque assay and assayed for protein content using the 

BCA assay to quantify the protein concentration.  

3.3.5 Plaque Assay 

 

 Serial dilutions of bacteriophage, from concentrate, from microgel-loading supernatants 

and from microgel-released supernatants, were prepared and 50 μL aliquots were mixed with 

equal volumes of overnight bacterial culture, E. coli K12 for phage P1, E. coli NC101 for phage 

EA,  and allowed to incubate for 30 minutes. The inoculant was then mixed into 1 mL of soft LB 

agar and poured over an agar plate and incubated overnight at 37 °C. Following incubation, the 

number of plaques were counted and the dilutions were used to calculate the number of plaque 

forming units per mL (PFU/mL). 

3.4  Results and Discussion 
 

 pAA-PEG microgels were synthesized using a new approach previously reported by our 

group (27).  A series of formulations with varying cross-linking densities was synthesized by 

changing the reaction parameters. The microgel’s ability to encapsulate phage and control the 

rate of release of phage while maintaining phage lytic activity was evaluated and quantified.  

3.4.1 Synthesis and Characterization of Poly(acrylic acid) 

 

 RAFT polymerization of acrylic acid was performed as previously described to achieve 

pAA with predictable Mn and low polydispersity. Such control is desired for the synthesis of 

well-defined microgels which subsequent degradation results in compounds below the 

glomerular filtration limit (30) and prevent accumulation. In this study, pAA with an Mn of 9,800 

and polydispersity of 1.2, as obtained by GPC, was synthesized. This Mn is well below the 
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glomerular filtration limit, thus preventing accumulation and promoting future clinical 

translation. pAA structure was confirmed using 1H NMR with peaks at 1.3-2.0 ppm and 2.3-2.6 

ppm corresponding to the backbone protons of the polymer (Fig. 3.1). Partial methylation of the 

carboxylate side-chains and acrylic acid dimers peaks are shown at 3.7 ppm, 2.6 ppm, and 4.4 

ppm respectively (31,32).  

3.4.2 Characterization of pAA-PEG Microgels 

 

Microgels were synthesized by cross-linking the carboxylate side-chains with the alcohol 

end groups of the PEG (Fig. 3.2). The size and morphology of microgels are relevant when 

thinking about potential applications. Scanning electron microscopy was used to visualize and 

determine the size and morphology of microgels derived from various formulations.  It was 

observed that microgels’ morphology was greatly influence by different formulation parameter. 

For instance, formulations 1:0.4:0.6, 1:0.6:0.2 and 1:0.4:0.2 seem to form amorphous mesh-like 

structures. Formulations 1:0.6:0.6 and 1:0.4:0.6 form spherical microgels less than 10 μm in 

diameter. Formulations 1:0.2:0.2 formed spherical microgels of ~ 20 µm in diameter (Fig. 3.3).  

All of these formulations were colloidal while in suspension. The incorporation of PEG in the 

microgels was confirmed in two ways. First, a control reaction in which PEG was omitted lead to 

no microgel formation. Second, FTIR was performed on pAA, PEG and microgels. The 

spectrum of microgels is a combination of the pAA and PEG spectra. In Figure 3.4a, the 

microgel spectrum of formulation 1:0.6:0.2 clearly shows PEG absorbance peaks at ~3000 cm-1 

and at and below 1100 cm-1. This same spectrum shows a distinct pAA absorbance peak at ~ 

1700 cm-1. Additionally, variations in the amount of PEG can be seen from the spectrum of the 

three formulations. As the amount of PEG in the formulation decreased so did the intensity of the 

absorbance peaks (Figure 3.4b).  
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Figure 3.1 1H NMR of pAA synthesized by RAFT polymerization.  Peaks (a) and (b) correspond 

to the backbone protons.  Peak ‡ corresponds to partial methylation of the carboxylate side-chain 

which occurs during polymerization in methanol. Peak * corresponds to dimerization of the 

monomer. 
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Figure 3.2. Schematic of cross-linking reaction for microgel fabrication. The hydroxyl groups of 

PEG are condensed with the carboxylate side-chains of pAA.  The reaction is facilitated by the 

addition of DMTMM and NMM provides an organic base to deprotonate the carboxylate side-

chains.  
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Figure 3.3. Representative SEM images of microgel. a) 1:0.6:0.6, b) 1:0.4:0.6, c) 1:0.2:0.6, d) 

1:0.6:0.2, e) 1:0.4:0.2, f) 1:0.2:0.2. The morphology and size of microgels are altered by the 

formulation parameters.  
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Figure 3.4. FTIR analysis of microgels. a) FTIR spectra of pAA, PEG and microgels. The 

microgels spectrum is a combination of the spectra of pAA and PEG. b) FTIR spectra of three 

microgel formulations. The intensity of the PEG peaks decreased as the amount of PEG in the 

formulation decreased.  
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3.4.3 In-Vitro Phage Encapsulation, Release and Lytic Activity 

 

Phage P1 and EA phage were encapsulated in the microgels using the post-loading 

method rather than during microgel fabrication. The post-loading method helps prevent damage 

to the phage during fabrication due to exposure to surfactants, possible side reactions with 

DMTMM and high sheer stress during microgel synthesis (27,33,34).  Dried microgels were 

incubated with a phage solution at 4 °C overnight and the phage-loaded microgels were 

recovered via centrifugation. The supernatants were analyzed using a BCA assay for protein 

content which subsequently gives a measure of phage content. The loading efficiency was 

calculated using the following equation: 

𝐿𝐸 =
(𝑉𝑖𝐶𝑖 − 𝑉𝑟𝐶𝑓)

𝑉𝑖𝐶𝑖
 

where 𝐿𝐸 is the loading efficiency, 𝑉𝑖 is the initial volume (1 mL), 𝐶𝑖 is the initial concentration, 

𝑉𝑟 is the recovered volume and 𝐶𝑓 is the final concentration.  The loading efficiency of EA phage 

was over 0.6 in all formulations.   This loading efficiency is relatively high when compared to 

similar studies that make use of the post-loading method (34,35). The loading efficiency of P1 

phage was lower (~0.4) (Fig. 3.5).  
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Figure 3.5. Loading efficiency of EA and P1 phage.  a) Loading efficiency of EA phage in two 

different formulations. b) Loading efficiency of EA and P1 phage in formulation 1:0.6:0.2. EA 

had higher loading efficiency. 

 

 EA phage and P1 phage were released from the microgels to evaluate how microgel 

composition and phage type can influence the release kinetics. Phage release showed an initial 

burst release followed by a slow prolonged release for a period of up to 20 days (Fig. 3.6).  This 

release time-frame is significantly longer than any previous phage delivery systems reported in 

the literature (36–41).  Vonasek et al. studied the encapsulation and release of phage T4 from 

whey protein films but release was only measured up to 5 hours (39). Ma et al. encapsulated 

phage Felix O1 in chitosan-alginate microspheres and measured phage release only up to 6 hours 

(36). PLGA microspheres fabricated in a double emulsion were used by Puapermpoonsiri et al. 

to encapsulate phage and release was limited to a maximum of 350 minutes. Phage T4 in 

electrospun poly(ethylene glycol)/cellulose diacetate fibers was release within 1 hour (38).  This 

extended release presents a significant improvement over all previous studies aiming at 

encapsulating and controlling the release rate of phage. 
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Figure 3.6. Release of phage P1 (a) and EA (b) from different formulations. All formulations 

show a quick release of 0.4 fraction release within 1 hour and nearly 0.8 fraction release at 6 

hours. The release of phage slows down subsequently and continues at a slower rate for up to 20 

days.  
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 A basic understanding of the mechanism by which phage is release from the microgels 

can inferred on using the Korsmeyer-Peppas model (42). In short, release of phage from the 

microgels will depend in polymer/phage interactions, degree of microgel swelling, and diffusion 

of phage in microgel (43). The Korsmeyer-Peppas model is a semi-empirical model that 

describes the rate of release from a swelling controlled system in terms of a power law (42) using 

equation 2: 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 

 This equation expresses the fraction of release phage 𝑀𝑡/𝑀∞ at time 𝑡, 𝑘 is a kinetic 

constant and 𝑛 characterizes the release mechanism. The value of 𝑛 is indicative of the type of 

release, whether it is Fickian diffusion, a combination of diffusion and matrix swelling, or 

pseudo-Fickian in which other more complex interactions are at play (44). Equation 2 was 

applied to the release profiles and a least-squares regression was used to obtain values for 𝑘 and 

𝑛. The model overlaid well on all release curves (Fig. 3.7) and the calculated R2 values show a 

high degree of correlation (Table 1).  

 The kinetic parameter 𝑛 helps identify the type of release. An 𝑛 value of 0.5 indicates 

Fickian diffusion, 0.5  < 𝑛 < 1.0 indicates anomalous (non-Fickian) diffusion, values of 1 or 

greater is defined as Case II or Super Case II transport and for 𝑛 < 0.45 is pseudo-Fickian 

diffusion. Table 1 shows how all 𝑛 values are well below 0.45 suggesting that the type of release 

is complex depending on phage diffusion and matrix-phage interactions within the network 

contribute to the release profile (45).  
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Figure 3.7. Trend lines of the Korsmeyer-Peppas model overlaid on the fraction release data of 

phage P1 (a,b) and EA (c,d) from different formulations.  
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Table 4 . Kinetic parameters obtained by fitting the Korsmeyer-Peppas model fraction 

cumulative release of phage.  

 

 

 
 

 

 

 

 

 

 

 Retained lytic activity in the released phage is an essential pre-requisite for the success of 

a phage controlled release system. Plaque assays to enumerate the amount of active phage 

particles were performed against the common k1 E. coli for P1 phage and NC101 E. coli for EA 

phage. NC101 is an adhesive-invasive E. coli (AIEC) strain that has been associated with 

Crohn’s disease and other chronic colitis (46,47). The use of EA against NC101 was chosen 

because NC101 can provide a potential therapeutic target for the treatment of colitis in future 

studies. EA phage release was measured over 15 days (Fig. 3.8) from two different microgel 

formulations. Formulation 1:0.4:0.2 released a greater amount of total PFU. This formulation has 

less PEG and, therefore, it forms a looser network which is able to incorporate a total higher 

amount of phage. Figure 3.5 shows a slight increase in loading efficiency for formulation 

1:0.4:0.2 when compared to 1:0.6:0.2.  Overall for both formulations, release of active phage, as 

measured by lytic activity, was observed through day 15, with the phage release at day 15 having 

a lytic activity of over 106 PFU/mL.  The total cumulative EA phage PFU released formulations 

1:0.6:0.2 and 1:0.4:0.2 were 4.1×108 and 5.4×108 respectively. Not only is the period of 

controlled release longer than any phage delivery system reported in the literature, but the total 

amount of PFU release is greater per weight of release matrix (e.g. microgels). Chitosan-alginate 

microspheres loaded with phage Felix O1 released a total of ~5×106 PFU over 6 hours from 200 

    Korsmeyer-Peppas Model 

Formulation Phage k (days-n) n R2 

1:0.6:0.2 P1 0.76 0.08 0.86 

1:0.2:0.6 P1 0.78 0.08 0.92 

1:0.6:0.2 EA 0.78 0.11 0.93 

1:0.4:0.2 EA 0.81 0.10 0.88 
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mg of microspheres (36), poly(ethylene oxide)/cellulose diacetate fibers release ~1010 PFU from 

1 g of fibers (38). T4 phage encapsulated in whey protein films and released from 1.5 cm 

diameter disks amounted to a total release of 5×106 PFU (39). In comparison, the pAA-PEG 

microgels released at levels of 108 using only 5 mg of microgels. A quick comparative analysis 

of the amount of PFU released per weight of matrix yields (PFU/mg of matrix) 2.5×104 PFU/mg 

for chitosan-alginate microspheres, 107 PFU/mg for poly(ethylene oxide)/cellulose diacetate 

fibers and 1.08×108 PFU/mg for pAA-PEG microgels.  
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Figure 3.8. Lytic activity of released EA phage. a) Cumulative PFU release over a 15 days. Inlet 

image shows cumulative PFU release in the first 6 hours. b) PFU measured at each time point. 

The supernatant at day 15 still contained a lytic activity above 1×106 PFU/mL. This prolonged 

release is significantly greater than any other study currently presented in the literature.    
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Figure 3.9. Lytic activity of released P1 phage. a) Cumulative PFU release of P1 phage. Inlet 

image shows cumulative PFU release in the first 6 hours. b) PFU measured at each time point. 

Formulation 1:0.6:0.2 showed activity of over 106 for the first 4 days and dropped by two orders 

of magnitude on day 5. Formulation 1:0.2:0.6 showed a steady drop in the first six hours and 

seems inadequate for this application.  
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3.5 Conclusion 
 

 Previously, we reported on the use of pAA-OEG microgels for the prolonged release of 

proteins (27). In this study, the microgels were modified by increasing the cross-linker size with 

the aim of encapsulating and retaining phage, prolonging the rate of release and maintaining the 

lytic activity of released phage. These new pAA-PEG microgels were able to effectively 

encapsulate phage with loading efficiencies of ~0.6 for EA phage and 0.4 for P1 phage. 

Considering phage was encapsulated using the post-loading method the obtained loading 

efficiencies are high relative to those found in the literature and comparative to those we 

previously found using model proteins. Release kinetic studies showed that phage was released 

over 20 days and by implementing the Korsmeyer-Peppas model it was determined, as expected, 

that the release is pseudo-Fickian, confirming that phage diffusion and matrix-phage interactions 

contribute to release. Overall, this phage controlled release system presents a significant 

improvement to systems currently in the literature.  
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4 Conclusions and Recommendations for 

Future Work 
 

4.1 Conclusions 
 

 Hydrogels for biomedical use were proposed over half a century ago by Otto Wichterle 

and Drahoslav Lim. They proposed that a polymer suitable for biological use should meet the 

following criteria: “1. a structure permitting the desired water content, 2. inertness to normal 

biological processes, 3. permeability to metabolites”. The first soft contact lenses were 

developed by adhering to the above mentioned criteria out of poly(hydroxyalkly methacrylate) 

hydrogels (1). Since then hydrogels have been used in a myriad of applications and most relevant 

to this thesis is the area of controlled release of pharmaceuticals (2). Micron size hydrogels, 

referred to as microgels, have also been used extensively for drug delivery applications (3–5). 

The research presented in this thesis highlights the development of poly(acrylic 

acid)/poly(ethylene glycol) (pAA/PEG) microgels fabricated with a new microemulsion 

approach. pAA/PEG microgels were tested as controlled release devices for proteins and 

bacteriophages. pAA/PEG microgels captured proteins with high efficiency. The protein release 

was studied and shown that lysozyme (high isoelectric point) was released over a period of 30 

days while retaining biological activity. Also shown were that the loading efficiency and release 

kinetics depend on the formulation parameters and protein physico-chemical characteristics (6). 

The success of pAA/PEG microgels at both protein encapsulation and release motivated work to 

study the capture and release of higher order constructs. We identified bacteriophages as a 

promising candidate for this study because of the rising interest in phage therapy (7,8). Phages 

(size in nanometers) are significantly larger than the previous studied proteins (size in 

angstroms) and the pAA/PEG microgels were modified by increasing the PEG cross-linker size 
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to allow permeation of the bacteriophage into the microgel interior. Phage was encapsulated 

successfully and released over 20 days while still retaining lytic ability. These results showed 

higher encapsulation, longer release, and higher total release per weight of microgel matrix than 

any other controlled release material for phage published in the literature.  

 pAA/PEG microgels have promise as controlled release devices for macromolecules and 

higher order constructs. Further research with these microgels could lead to a clinically 

translatable controlled release device. The following steps are proposed for future work to 

improve on this microgel system. a) to increase the degradability of microgels, b) use of 

microfluidic fabrication methods for the synthesis of more homogenous and well-defined 

microgel formulations, c) in vivo studies to assess the toxicity and therapy efficacy.  

4.2 Future Work  
 

4.2.1 Engineer Better Biodegradability into pAA/PEG Microgels 

 

 pAA/PEG microgels reported in this thesis did not show significant degradation into pAA 

and PEG under physiological conditions (pH 7, 37 °C). This poses a potential problem for 

microgel clinical translation for internal use, but may not be an issue for dermal use, such as in 

the treatment of burns. Two synthetic routes are proposed to enhance the degradability potential 

of the microgels. The first includes the use of a biodegradable backbone and the second pertains 

to increasing the degradability of the cross-linking bonds.  

4.2.1.1 Enhanced biodegradability of microgel polymer backbone using biodegradable pAA 

analogs 

 

 Zhang et al. reported on the synthesis of a new biodegradable poly(glyceric acid 

carbonate) (PGAC), a pAA analog (Fig. 1) (9). This new polymer showed degradability within 

two weeks and bulk hydrogels prepared from this material degraded within 2 hours. A 2-hour 

degradation for the microgels would be unsuitable for sustained prolonged release. Therefore, I 
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propose the use of pAA/PGAC blends cross-linked with PEG using the microemulsion approach 

presented in this thesis. Table I shows a series of microgels that can be synthesize to identify 

those with suitable degradation kinetics.  

4.2.1.2 Enhanced biodegradability of cross-linking bonds 

 

 Cross-linking bonds can be engineered to promote biodegradability.  Currently, the 

pAA/PEG microgels were engineered using ester bonds for their susceptibility to hydrolysis. 

However, the degradation kinetics seem to be too slow and this must be overcome to achieve 

clinical success for internal use. Inspired by the work of Weiser et al., introduction of carbonate 

groups near the ester bond similar to those of in the poly(carbonate esters) synthesized by Weiser 

et al. and reviewed by Ricapito et al. (10,11) may enhance the kinetics of degradation. A sample 

synthetic scheme is shown in Figure 2, but significant experimental work will be needed to 

create the proposed cross-links with enhanced biodegradability.  
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Figure 4.1 Chemical structure of non-degradable pAA (left) and biodegradable PGAC (right). 

Reprinted with permission from reference 9. Copyright 2015 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

111 

 

 

 

 

 

 

 

 

   

Table 4.1 Proposed formulation blend of PGAC/pAA for synthesis of biodegradable microgels.  

Formulation PGAC % pAA % % cross-linking 

1 100 0 25 

2 75 25 25 

3 50 50 25 

4 25 75 25 

5 0 100 25 

6 100 0 45 

7 75 25 45 

8 50 50 45 

9 25 75 45 

10 0 100 45 
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Figure 4.2. Sample synthetic scheme for the fabrication of microgels with cross-links with 

enhanced biodegradability.  
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4.2.2 Microfluidic Fabrication of Microgels 

 

The polydispersity and heterogeneity in the current microgel formulations may present a 

hurdle to clinical translation. Microfluidic devices have been used for the fabrication of 

monodisperse, homogenous microgels (12–15). Microfluidic fabrication techniques could be 

useful for the synthesis of pAA/PEG microgels using the new microemulsion discussed earlier in 

this thesis of DMSO droplets in a Pluronic continuous phase.  

4.2.3 In Vivo-Studies to Assess Toxicity and Therapeutic Efficacy 

 

 Success of any biomedical device must meet the criteria of minimal side effects and 

toxicity in the body. Once degradability and fabrication issues are resolved, as described in the 

future work proposed above, in-vivo studies must be used to evaluate toxicity.  International 

standards for local toxicity are established in the ISO 10993-6:2007 and this standard protocol 

should be followed when assessing the toxicity of the pAA/PEG microgels. Lastly, showing 

therapeutic efficacy in a disease model is paramount to show the full potential of pAA/PEG 

microgels. I believe that the greatest need in protein sustained release is for ophthalmic 

treatments. Both glaucoma and wet aged-related macular degeneration (wAMD) are significant 

causes of vision impairment worldwide (16,17). Glaucoma is treated with intraocular pressure  

(IOP) lowering drugs but poor patient compliance and lack of neuroprotection of the optic nerve 

results in ineffective treatment and vision loss (18). Therefore, a system able to deliver nerve 

neuroprotection and IOP reduction is needed. I believe that a combination therapy in conjunction 

with pAA/PEG microgels sustained delivery will provide sufficient therapy to prevent vision 

loss. wAMD standard of care is monthly or bimonthly intravitreal injections of anti-angiogenic 

monoclonal antibodies against vascular endothelial growth factor (VEGF) and platelet derived 

growth factor (PDGF). Benefit can be derived by reducing the frequency of administration to 
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once every 6 months, for example. I propose the encapsulation of anti-angiogenic proteins and 

subsequent intravitreal delivery of degradable pAA/PEG microgels as salient future work. 

Lastly, the possibility of phage therapy using this microgels could be evaluated in a wound 

animal model similar to current clinical trials in the European Union (8). 
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A.  Delivery of Bacteriophage Loaded-

Microgels for the Treatment of 

Intracellular Pathogens  
 

 

A.1  Abstract 
 

Purpose Phage therapy offers a complementary therapy to antibiotics for the treatment of multi 

drug resistant bacteria. However, treatment of intracellular pathogens remains a challenge due to 

the phage inability to enter the cell and reach its bacterial host. Phage loaded microgels were 

fabricated to serve as carrier to deliver phage intracellularly to treat adherent-invasive e. col in 

J774 A.1 macrophages.  

Methods Microgels were prepared by cross-linking poly(acrylic acid) and polyethylene glycol. 

Phage was encapsulated in the microgels. Confocal microscopy was used to evaluate if the 

microgels can be internalized by the macrophages. An invasion assay was established to assess 

treatment of adherent-invasive e. col infected macrophages with phage loaded microgels. 

Results Microgels were readily phagocytosed by J774 A.1 macrophages. However, treatment 

with phage loaded microgels did not reduced the amount of internal bacteria.  

Conclusions Phage loaded microgels are not suitable for this particular application and it is 

hypothesized that they may interfere with the macrophage pathways for bacterial killing.  
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A.1  Introduction 
 

An alarming global rise in antibiotic resistant bacteria is pressuring scientist to find 

alternative antimicrobial agents for the treatment of drug resistant and multi drug resistant 

pathogenic bacteria (1). The use of bacteriophages to treat infection, known as phage therapy, is 

being revisited in western science (2). This resurgence in interest is reflected in the literature and 

has been reviewed extensively (3–6). There are even clinical trials underway for the treatment of 

wound burns (7).  Phages also have desirable properties that make them attractive anti-microbial 

agents. They are natural agents that have never been shown to have adverse side effects, they 

self-replicate and are highly specific allowing for targeting of only pathogenic bacteria and 

sparing the body’s natural microflora (8). However, phage therapy is restricted to extracellular 

pathogens due the inability of phages to enter mammalian cells. This greatly limits the range of 

infections that can be treated by phage therapy. 

Polymeric drug carriers offer a potential strategy to enable phage treatment of 

intracellular infections. In this thesis, I demonstrated the use of polymeric microgels for the 

controlled release of proteins (Chapter 2) and bacteriophages (Chapter 3). Therefore, it was 

hypothesized that these microgels could be use as phage-carriers to target adherent-invasive e. 

col (AIEC) which had taken residence intracellularly in J774 A.1 macrophage cells.  

In this study, the uptake of microgels by J774 A.1 macrophages was studied using 

confocal microscopy and an invasion assay was established to assess the effect of phage therapy 

treatment of AIEC infected J774 A.1 macrophages. 
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A.2  Materials and Methods 
 

A.2.1  Materials 

 

Acrylic acid, anhydrous methanol, 4-cyanopentanoic acid dithiobenzoate (CPA-DB), 

4,4’-azobis(4-cyanopentanoic acid) (A-CPA), dimethyl sulfoxide, 4-methylmorpholine (NMM), 

tetraethylene glycol and Pluronic® L35 were purchased from Sigma. 4-(4,6-Dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) was purchased from Tokyo Chemical 

Industry America. Dulbecco’s modified eagle medium, fetal bovine serum and gentamicin 

reagent solution (50 mg/mL) were purchased from Gibco. LB Miller and LB Agar Miller were 

purchased from VWR. Phosphate buffered saline (PBS) was purchased from Cellgro. NC101 and 

528-2 e. col strained was obtained from the Simpson Lab in Cornell University. J774 A.1 

macrophages were donated by the Simpson Lab and originally purchased from ATCC. 

EcoActiveTM phage was donated by Intralytix, Inc.  

A.2.2  Synthesis of poly(acrylic acid) 

 

Acrylic acid (AA) was polymerized as described in section 2.3.2 of this thesis and Rios et 

al. (9). Briefly, AA was polymerized using reversible addition-fragmentation chain transfer 

(RAFT) polymerization to allow control over molecular weight and polydispersity. CPA-DB and 

A-CPA were dissolved in anhydrous methanol in a Schlenk flask with a magnetic stir bar. Upon 

complete dissolution AA was added, a condenser column was fitted to the flask and the entire 

system was purge with dry nitrogen for 15 minutes. Reaction vessel was protected from light and 

polymerization was initiated by heating to 60 °C in an oil bath with continuous stirring. The 

reaction was stopped at 48 h by cooling with reaction vessel in an ice bath and exposing the 

contents to air. Product was purify by dialysising against DI water with a Spectra/Por 
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regenerated cellulose membrane (3.5 kDa MWCO). Product was then recovered by 

lyophilization.  

The Mw, Mn, and PDI of the resulting pAA were determined using a Waters gel 

permeation chromatography (GPC) system equipped with Ultrahydrogel columns in series, 1515 

isocratic HPLC pump and 2414 refractive index detector with temperature controlled at 30 °C. 

The mobile phase used was phosphate buffer saline (pH=7.4) at a rate of 0.8 mlmin-1 and 

calibrated with poly(acrylic acid), sodium salt standards. 1H NMR was used to confirm the 

structure of the resulting pAA. 

 

A.2.3  Preparation of Microgels 

 

The microgels were synthesized by cross-linking the carboxylate side chains of pAA with 

the alcohol end-groups of OEG via esterification. The synthesis was carried out as described in 

section 2.3.3.  Briefly, the carboxylate side-chains (COOH) of pAA were cross-linked with the 

alcohol end-groups of PEG (Mn = 1,500 Da). The molar ratios of COOH to PEG and the 

condensing agent DMTMM were varied to change cross-linking density. Reaction was carried 

out in DMSO and emulsified in Pluronic® L35 with a Silver L5M-A homogenizer at 750 rpm for 

4 hours. Upon completion of reaction, microgels were isolated by centrifugation at 9500 rpm and 

the supernatant was decanted. Microgels were purified by several cycles of re-suspension in 

deionized water, centrifugation and decantation. Dry microgels were obtained by flash freezing 

purified microgels in a small volume of deionized water and lyophilization. 

A.2.4  Bacteriophage Propagation and Encapsulation 

 

EcoActiveTM (EATM) phage was propagated on late-log-phase cultures of E. coli NC101, 

an adhesive-invasive strain, in 250 mL Erlenmeyer flasks with lysogeny broth (LB) containing 5 
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mM CaCl2, 10 mM MgSO4 and 0.2% glucose. EATM phage was allowed to incubate with its host 

for 4 hours at 37 °C under shaking. The lysate was then centrifuged at 5000 rpm to pellet cell 

debris. The lysate was recovered, chloroform was added at 1:100 v/v and stored at 4 °C.  

EATM phage lysate was concentrated using Amicon® Ultra-15 centrifugal filters with a 

100 kDa NMWL and then re-suspended in PBS. The concentrated phage was subjected to a 

plaque assay to quantify the phage’s lytic activity. A 1 mL aliquot of re-suspended Phage (~ 2.15 

X 109 pfu/mL) was added to 5 mg of dry microgels and incubated for 16 hours at 4 °C under 

gentle rotation (8 rpm) in polypropylene Eppendorf tubes. Microgels were then recovered by 

centrifugation (5000 rpm, 5 min), supernatants were isolated and immediately tittered with a 

plaque assay for lytic activity and stored at 4 °C for subsequent protein quantification.  

A.2.5  Macrophage cell culture 

 

J774 A.1 monocyte/macrophage mouse cell line was purchased from ATCC. They were 

cultured in DMEM with 4.5 g/L D-Glucose, L-Glutamine and supplemented with 10% heat 

inactivated fetal bovine serum. Cells were maintained in 75 cm2 flasks at 37 °C and 5% CO2. 

Cells were passaged by dislodging the cells from the flask surface by scraping and preparing 

subcultures at 1:6. 

A.2.6  Confocal Microscopy of Microgel Phagocytosis by Macrophages 

 

Synthesized microgels were fluorescently labeled by conjugating fluorescein-5-

thiosemicarbazide via condensation chemistry facilitated with DMTMM. J774 A.1 cells were 

seeded onto 35 mm tissue culture dishes at concentrations of 1 × 105 and 1 × 106 cells/mL and 

allow to incubate for 24 hours. At 24 hours, culture medium was replaced and fluorescently label 

microgels were added at 3 different concentrations. J774 A.1 cells and fluorescent microgels at 

three different concentrations (100, 250 and 500 µg/mL) were allow to incubate for 4 hours. 



 

123 

 

Upon 4 hours, media was removed and cells were washed 3 × with PBS 3 to remove free floating 

microgels. Cells were fixed in 10% formalin and permeabilized with 0.1% Triton X-100. Cells 

were incubated in 1% Phalloidin Alexa Fluor 568 to stain actin filaments and DAPI was used to 

stain the nuclei. Cell dishes were carefully cut, mounted on slides with vectashield and sealed. 

J774 A.1 cells were then imaged under confocal microscopy (Zeiss LSM710 confocal 

microscope).  

A.2.7  Invasion Assay and Bacteriophage Treatment 

 

J774 A.1 cells were seeded in 24 well-plates at 2 × 105 cells/mL and allow to incubate for 

24 h (37 °C, CO2, humidified). Cell were then washed 3× with PBS and 0.5 mL of fresh DMEM 

(supplemented with 10% FBS) was added. Cells were then infected with NC101 or 528-2 at a 

multiplicity of infection (MOI) of 10 bacteria per cell. Following a 60 min incubation (37 °C, 

CO2, humidified), infected macrophages were washed 3× with PBS and 1 mL of DMEM (10% 

FBS) containing 200 µg of gentamicin/mL was added to kill extracellular bacteria. Cells were 

allowed to incubate for 1 hour (37 °C, CO2, humidified), then washed 3× with PBS and media 

containing 15 µg of gentamicin/mL was added to prevent grow of extracellular bacteria. Control 

group was allowed to incubate in media containing 200 µg of gentamicin/mL. Treatment was 

administered in 3 distinct fashions. a) Phage loaded microgels suspended in PBS were added to 

infected cells and allowed to incubate with cells for the duration of the experiment, b) phage 

loaded microgels suspended in PBS were added to infected cells and allowed to incubate for 1 or 

4 hours then non-internalized microgels were remove by washing 3× with PBS and media 

containing 15 µg of gentamicin/mL was added, c) concentrated phage lysate was added to 

infected cells. Upon desired time-points, cells were washed 3× with PBS and lyse with 1 mL of 

0.1% Triton X-100 in PBS. A cell lysate serial dilution was prepared and plated onto LB agar 
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plates to determine the colony forming units (surviving bacteria). Each experimental condition 

was performed in triplicate.  

A.3  Results and Discussion 
 

Microgels were successfully synthesized in the same manner as described in sections 2.3.2 

and 2.3.3 of this thesis but were slightly modified to accommodate for the larger size of 

bacteriophage by increasing the size of the PEG cross-linker. The microgels were successfully 

internalized by J774 A.1 macrophage cells and were capable of encapsulating and releasing 

phage as demonstrated in Chapter 3. Following these findings, treatment of intracellular 

pathogens seen a viable application for this technology. 

Confocal microscopy images show that J774 A.1 macrophages readily phagocytized 

microgels as shown in Figure A.1. Upon exposing macrophages to the microgels for 4 hours, the 

microgels were phagocytosed by virtually all cells. Confocal images seem to indicate that more 

microgels per cell were phagocytosed at higher concentration of microgels and at lower cell 

seeding density. Z plane cross sections obtained with confocal microscopy are also shown to 

demonstrate that the microgels are within the cell membrane (Figure A.2). This finding provided 

the motivation for attempting to intracellular deliver bacteriophage to treat intracellular 

pathogens.  
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Figure A.1: Phagocytosis of microgels by J774 A.1 macrophage cells after 4-hour exposure. 

Microgels are labeled with fluorescein (green), actin was stained with phalloidin-Alexa Fluor 

568 (red) and the nuclei is stained with DAPI (blue). Microgels were ready phagocytosed by 

J774 A.1 macrophages. 

 
Figure A.2: Confocal z-section images were taken and cross-sections of the y-z plane (right) and 

x-z plane (bottom) are shown demonstrating that microgels are internalized within the cell 

membrane and not just adhering to the macrophages.  
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 In order to assess the microgels’ ability to deliver bacteriophage intracellularly for the 

treatment of intracellular pathogens two adherent-invasive e. col (AIEC) were obtained from the 

Simpson Lab at Cornell University (NC101 and 528-2).  Both of these strains were shown to be 

susceptible to lysis by EATM phage by using plaque assays as described in section 3.3.5. 

Macrophages were infected with both strains of AIEC and were treated with two distinct 

formulations of phage loaded microgels for 1 or 4 hours. Infected macrophages were allowed to 

incubate for 24 hours, then they were lysed to quantify the amount of intracellular bacteria. 

Phage loaded microgel treatment did not help combat the intracellular infection (Figure A.3). In 

fact, if macrophages are exposed to the microgels for 4 hours, it had a detrimental effect allowing 

528-2 to better proliferate within the cell. Treatment with phage alone showed a slight decreased 

in the amount of intracellular 528-2 e. col but still several orders of magnitude higher than the 

gentamicin control. Macrophages infected with NC101 e. col showed similar results. Treatment 

with phage loaded microgels did not help reduce the amount of intracellular bacteria and if 

exposed to microgels for 4 hours the amount of intracellular bacteria increased. Macrophages 

clear bacteria by engulfing it into a phagosome which then matures into a phagolysosome. The 

phagolysosome contains antimicrobial peptides, proteases and lysozyme (10). In addition, 

macrophages make use of toxic reactive oxygen species (ROS) to clear bacteria. Macrophages 

synthesize the ROS nitric oxide by making use of arginine and oxygen (11). The exact 

mechanism by which AIEC strains are able to proliferate is not exactly understood but it is the 

case that they proliferate at a higher rate than the macrophage’s killing rate. It is hypothesized 

that the anionic microgels are scavenging the arginine and other nitrogen species necessary for 

the macrophage to synthesize nitric oxide and in doing so negatively affecting the macrophages 

ability to kill the intracellular AIEC thus increasing the amount of intracellular bacteria. 
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Figure A.3: Phage loaded microgel treatment of 528-2 e. col infected macrophages. 

Macrophages were treated with two distinct microgel formulations. Phage loaded microgels had 

no effect in the amount of intracellular bacteria, calculated in colony forming units (CFU) and 

upon 4 hr exposure even increased it. Treatment with free phage showed a slight decreased CFU. 

Exposure to microgels loaded with phage or blank microgels for 1 hour had no effect. Legend 

refers to molar ratios of the microgel formulation (COOH:PEG:DMTMM). 

 

Figure A.4: Phage loaded microgel treatment of NC101 e. col infected macrophages. 

Macrophages were treated with two distinct microgel formulations. Phage loaded microgels had 

no effect in the amount of intracellular bacteria, calculated in colony forming units (CFU) and 

upon 4 hr exposure even increased it. Treatment with free phage showed a slight decreased CFU. 

Exposure to microgels loaded with phage or blank microgels for 1 hour had no effect. Legend 

refers to molar ratios of the microgel formulation (COOH:PEG:DMTMM). 
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A.4  Conclusion 
 

Microgels are readily phagocytosed by J774 A.1 macrophages as demonstrated by confocal 

microscopy experiments. The potential of phage loaded microgels to treat intracellular pathogens 

was evaluated by treating AIEC infected macrophages. Unfortunately, this study did not yield a 

positive outcome and showed that phage loaded microgels do not help combat intracellular 

infections and that in fact it has a detrimental effect. It is hypothesized that the anionic nature of 

the microgels affects the mechanistic pathways by which macrophages kill bacteria and thus 

allowing for faster/further proliferation of both AIEC strains tested.  
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