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Protein therapeutics have tremendous potential to treat a variety of debilitating 

diseases, however, due to their large size and low stability, their administration has been 

limited to injections. An orally delivered carrier capable of protecting the protein during 

its transit through the gastrointestinal tract could potentially overcome the limits of 

protein stability, improve oral bioavailability, and provide a more patient tolerated means 

of protein administration.  

A pH-responsive hydrogel system composed of methacrylic acid, N-vinyl 

pyrrolidone, and poly(ethylene glycol), designated as P((MAA-co-NVP)-g-EG), was 

developed. The effects of crosslinking lengths and density and incorporation of 

poly(ethylene glycol) tethers on swelling behavior and loading capability of protein 

therapeutics were evaluated. It was shown that P((MAA-co-NVP-g-EG) swelled to a 

greater extent than P(MAA-co-NVP) in equilibrium studies at neutral pH and showed a 

faster rate of swelling in dynamic conditions. Mesh sizes ranged from 400-650 Å, which 

was deemed sufficient for drug loading and release.   

Three therapeutic proteins were evaluated for their loading capability: insulin, 

porcine growth hormone (pGH), and ovalbumin.  The weight loading efficiencies of the 
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proteins were optimized by varying pH and ionic strength and ranged from 8-9% for 

insulin, 6-7% for pGH, and 4-5% for ovalbumin. There was no discernible effect of 

crosslinking density and length on loading. The incorporation of PEG tethers showed a 

significant improvement in loading of human GH, increasing weight-loading efficiencies 

from 4.5 to 6.4%. When exposed to simulated gastrointestinal conditions, the loaded 

microparticles released ~10% of their hGH payload at intestinal pH.  

The hydrogels were also evaluated for their safety in vitro and in vivo. No 

cytotoxicity was observed in two model intestinal cell lines at dosages less than 2.5 

mg/mL. When exposed to C57Bl/6 mice at 66.7 mg/kg dose, the hydrogels triggered no 

inflammatory response and no deleterious effects on organ function after acute and long-

term administration.  

In model intestinal epithelial layers, both P((MAA-co-NVP)-g-EG) and P(MAA-

co-NVP) hydrogels significantly improved transport of hGH over hGH alone. In vivo 

studies performed in Sprague Dawley rats confirmed that hGH-loaded hydrogels yielded 

hGH bioavailabilities ranging from 0.46-4.8%. Therefore, these pH-responsive hydrogels 

show great promise for oral protein delivery. 
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Chapter 1. Introduction  

The field of protein therapeutics harnesses the tremendous functional potential of protein 

biomacromoleucules to treat a variety of debilitating diseases ranging from endocrine 

disorders such as diabetes and growth hormone deficiencies to various autoimmune 

diseases and even certain forms of cancer [1]. However, the large size, complex structure, 

and limited stability of the protein molecules has restricted their administration to 

subcutaneous, intravenous or intramuscular injections. While effective, these routes of 

administration are plagued with a lack of patient compliance due to the associated pain, 

discomfort and embarrassment associated with injection-based therapies [2-5].  

 

Consequently, there has been a significant interest in finding alternative pathways for 

protein administration that are more tolerated by the patient population. The body’s 

mucosal surfaces including the mouth (buccal), gastrointestinal tract (oral), nasal 

passages (nasal), airways (pulmonary), eyes (ocular), rectum (rectal) and vagina (vaginal) 

have all been explored as sites for protein drug delivery. Each route has specific 

advantages and disadvantages coupled with its use, including its propensity to bypass 

first-pass metabolic clearance, varying surface areas for absorption, levels of enzymatic 

activity, rates of clearance, and levels of vascularization [6]. No route, however, provides 

a more physiologically relevant administration pathway, a larger absorptive surface area, 

or history of patient compliance than the oral delivery route. With this route, the 

administration of protein therapeutics would be more akin to taking a pill or capsule, 
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which could have a vast effect on patient compliance, adherence to treatment, and overall 

quality of life [7].  

 

Unfortunately, there are several formidable challenges associated with the oral delivery 

pathway for protein therapeutics. A protein molecule administered via this route would 

be exposed to the harsh acidic environment of the stomach and to a host of proteolytic 

enzymes whose primary function is to degrade protein molecules into their substituent 

amino acid units. Even if the protein arrives intact to the intestinal epithelial lining, this 

tightly controlled barrier and its associated mucus lining will significantly impede the 

transport of the bulky molecule into the bloodstream [8-10].  

 

To circumvent these issues, a family of complexation hydrogels has been implicated for 

their use as delivery vehicles for the transmucosal administration of protein therapeutics. 

These hydrogels are capable of undergoing a pH-mediated swelling/deswelling process 

that opens or closes pores in their polymer structure into which proteins can be loaded 

and then undergo pH-triggered release [11]. For anionic hydrogels, the system remains 

collapsed at low pH, such as that in the stomach, and only swells once the carrier reaches 

the more neutral environment of the upper small intestine. This behavior is ideal for 

protein delivery as it ensures minimal exposure of the protein to the acidic conditions of 

the stomach and targeted delivery to the highly absorptive region of the upper small 

intestine. Furthermore, several anionic hydrogel systems have been shown to inhibit 
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enzymatic activity and transiently increase the permeability of the intestinal epithelial 

lining for improved protein transport [12-14].  

 

The complexation hydrogels that have shown the greatest promise for oral protein 

delivery are based on methacrylic acid, which is readily polymerizable and has a pKa that 

naturally aligns with the environment pH transition in the gastrointestinal tract. When 

copolymerized with hydrophilic monomers such as poly(ethylene glycol) or N-vinyl 

pyrrolidone, these systems have been successful in the pH-triggered delivery of a variety 

of protein therapeutics including insulin, calcitonin, and growth hormone [15-20].  

 

This work seeks to develop a new family of pH-responsive complexation hydrogels based 

upon a terpolymer of methacrylic acid, N-vinyl pyrrolidone, and poly(ethylene glycol) 

for the oral delivery of protein therapeutics with focus on optimizing these systems for 

the delivery of higher molecular weight protein therapeutics. Herein, the evaluation of 

these polymers is presented including a thorough characterization of polymer behavior 

(Chapter 4), ability to load and release model protein therapeutics (Chapter 5), their 

safety and efficacy in in vitro models (Chapter 6) and their safety and performance in in 

vivo murine and rat models (Chapters 7 and 8).   
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Chapter 2. Background 

2.1 PROTEIN THERAPEUTICS  

2.1.1 Introduction and Market Analysis  

Proteins are a class of biomacromolecules with widespread and diverse functions 

throughout the body, including intra- and extracellular scaffold support, forming 

receptors and channels in cellular membranes, catalyzing biochemical reactions, 

transporting molecules and signaling between various cells and organs [1]. There are 

currently an estimated 25,000 – 40,000 genes different genes in the genome that code for 

functionally distinct proteins and with post-translation modifications, protein-protein 

interactions and gene splicing this number is likely much higher [1, 2]. The sheer number 

of functionally distinct proteins presents both an immense therapeutic challenge in terms 

of disease management, but also a tremendous opportunity to use protein therapeutics in 

disease treatment.  

 

Since the first approved recombinant protein technology in the 1980s, there has been 

remarkable growth in both the number of available protein therapeutics and their 

therapeutic applications [3, 4]. There are currently over 200 approved protein 

therapeutics [5-7] with sales exceeding $100 billion in 2010 and projected to grow to 

$165 billion by 2018, with optimistic projections having sales reach upwards of $208 

billion by 2020 [6, 8-10]. Currently two of the top five best selling drugs worldwide in 

2015 were protein therapeutics, specifically Enbrel and Humira, which treat a variety of 
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autoimmune diseases including arthritis, plaque psoriasis, Chron’s disease, and ulcerative 

colitis [8, 11]. Furthermore, protein therapeutics share a large percentage of therapeutics 

the FDA approves annually, over 20% of in 2014 and 2015, which should continue to 

propel the market forward and create a productive environment for further innovation 

[12, 13].  

2.1.2 Protein Therapeutics Classification 

Protein therapeutics can be grouped into four classes based upon their therapeutic 

function [1]. Class I are proteins that have some type of enzymatic or regulatory activity 

that can (a) replace a deficient, absent or abnormal protein (b) modify an existing 

pathway or (c) provide a novel function. Examples of Class I proteins include insulin 

used to treat diabetes mellitus (Group Ia) [14], growth hormone to treat growth disorders 

(Group Ia) [15-18], follicle stimulating hormone as a fertility treatment (Group Ib) [19], 

and Botox purified from botulinum toxin to induce temporary paralysis for cosmetic 

purposes and dystonia treatment (Group Ic) [20].  

 

Class II proteins have some kind of special targeting activity that can either (a) interfere 

with a specific molecule or organism or (b) deliver additional compounds or proteins [1]. 

Class IIa proteins have special implications for cancer therapeutics as they are able to 

preferentially bind with overexpressed cell-surface receptors on cancerous cells and 

interfere with normal function [1]. Examples of Class IIa proteins include Rituximab® 

which recognizes CD20 surface antigen on non-Hodgkin’s lymphomas [21], Cetuximab® 
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and Panitumumab® which bind epidermal growth factor [22, 23], and Trastuzumab® 

which binds HER2/Neu on some breast cancers [24]. Class IIb proteins have dual 

targeting and drug delivery applications. One such example is 131I-tositumomab® which 

binds to the CD20 surface antigen and then delivers radiation, which prompts cell death 

[25].  

 

Class III proteins serve as vaccines that can (a) induce immunity against a pathogen or 

toxins, (b) induce protective effects against overactive immune system or (c) immunize 

against cancer [1]. The HPV vaccine, Gardasil®, is an example of a Class IIIa protein 

and prevents against HPV infection, which can cause genital warts and cervical cancer in 

infected patients [26]. The most successful Class IIIb protein vaccine is given to prevent 

pregnant women from generating antibodies against the Rhesus D (Rh) antigen 

immunoglobulin, which could have significant deleterious effects, including loss of 

pregnancy, if they are Rh-negative and carrying an Rh-positive neonate [27]. While there 

are no Class IIIc cancer vaccines approved by the FDA, they are an area of active 

ongoing research [28].  

 

Finally, Class IV proteins are not used in a therapeutic capacity but instead serve as a 

diagnostic tool for a variety of conditions ranging from infectious diseases and endocrine 

disorders to imaging agents for cancer and in vitro assays for viral infections [1]. One 

such example is the use of recombinant purified protein derivative (DPPD) to diagnose 

exposure to Mycobacterium tuberculosis [29]. Another example is the use of a fragment 
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of recombinant growth hormone release hormone (GHRH), which in healthy patients 

stimulates somatotrophs in the pituitary gland to secrete growth hormone (GH) and is 

used to diagnose defective GH secretion [30]. In cancer diagnostics radioactively labeled 

antibodies can preferentially locate at the tumor site where an overexpression of certain 

cell surface antigens occur and allow for cancer diagnosis and tumor detection [31, 32].  

 

2.1.3 Examples of Therapeutic Proteins  

2.1.3.1 Growth Hormone  

Growth hormone, or somatotropin, is a peptide hormone composed of a single 

polypeptide chain 191 amino acids in length (shown in Table 2-1) [33, 34]. The 

molecular weight of the protein is 22 kDa and has a corresponding hydrodynamic radius 

of 25-26 Å [35, 36]. The chain has an isoelectric point of 4.8 [37]. Growth hormone is 

synthesized in the anterior pituitary by a class of cells called somatotrophs [34]. Unlike 

the other hormones synthesized and secreted by the anterior pituitary that have specific 

target organs, growth hormone exerts its effects throughout the body on any cells capable 

of undergoing growth [36]. After entering systemic circulation and encountering the 

surface of a target cell, growth hormone binds to the extracellular domain of the growth 

hormone receptor and undergoes dimerization (1 molecule growth hormone to 2 growth 

hormone receptors) to activate the Jak-STAT pathway and exert function [38].  

 

Growth hormone has multiple physiological effects including [34, 35, 38, 39]:  

1) Promotion of linear growth in bone and cartilage  
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2) Stimulation of the secretion of insulin-like growth factor (IGF-1), which promotes 

cell division  

3) Promotion of protein synthesis in tissues, particularly muscle  

4) Increasing fatty acid mobilization from adipocytes and utilization as an energy 

source 

5) Decreasing rate of glucose utilization  

 

Additionally, growth hormone has been shown to have further effects on the regulation in 

the immune system, reproductive system, and in the onset of sexual maturation [34, 40-

43]. Two hormones synthesized in the hypothalamus mediate the secretion of growth 

hormone: growth hormone releasing hormone (GHRH) and somatostatin. GHRH has 

stimulatory effects on growth hormone secretion, while somatotstatin has inhibitory 

effects[34]. The secretion pattern occurs in a pulsatile manner with the largest and most 

sustained burst occurring 1-2 hours after a person falls asleep (Stages II-IV) [36, 39, 43, 

44]. There are numerous factors that can impact the onset, inhibition, and rate of growth 

hormone secretion and are summarized in Table 2-2. Briefly, factors that stimulate 

growth hormone secretion include stress, hypoglycemia, excitement, trauma, and 

starvation, while obesity, hyperglycemia, and aging inhibit its secretion [34, 39]. The 

levels of growth hormone in the blood range from 1.6-2.3 ng/mL in healthy adults to 6 

ng/mL in adolescents, but can spike to above 50 ng/mL in aggravated states such as 

starvation [36]. The pattern of growth hormone stimulation/inhibition is detailed in 

Figure 2-1.  
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Deficiencies in growth hormone can be attributed to abnormalities in either the 

hypothalamus, resulting in insufficient or abnormal GHRH secretion, or the pituitary, 

resulting in decreased or impaired growth hormone secretion [34]. Growth hormone 

deficiency in children is characterized primarily by reduced skeletal growth [45]. When 

treated with growth hormone at 0.3 mg/kg/week, both the height velocity and final adult 

height are improved significantly [34, 46]. In adult-onset growth hormone deficiency, 

typically as a result of a tumor on the hypothalamus or pituitary, treatment with growth 

hormone improves body composition, lipid profiles, energy and mood [18, 47-51].  

 

Since the recombinant form of human growth hormone (rhGH) was approved in 1985, 

the number of diseases for which it has been approved as a viable therapy have 

substantially increased [52]. These diseases include chronic renal insufficiency [16, 53, 

54], Turner syndrome [55], Prader-Willi syndrome [45, 56], small for gestational age 

(SGA), idiopathic short stature (ISS) [45, 57], short stature homeobox-containing gene 

deficiency [45], and Noonan syndrome [58]. For each of these diseases, rhGH is used to 

improve body composition, accelerate growth, and increase final adult height. 

Additionally, the ability of rhGH to promote protein synthesis and increase overall 

muscle mass has shown utility in treating advanced AIDS patients suffering from muscle 

wasting [59].   
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The primary route of rhGH administration is subcutaneous injections. Multiple 

companies produce rhGH for clinical use and are typically approved for a subset of the 

conditions for which rhGH is a treatment. Table 2-3 lists the available rhGH therapies 

and their approved treatments. The administered doses range from 0.03 mg/kg/day to 2 

mg/kg/day based upon the age of the patient and the disease being treated [34, 60].  

While there are some pen-based devices designed to ease the process of growth hormone 

administration and minimize the associated pain, the frequency of dosage (typically 

daily) and the typical age of the patients (pediatric) motivates the development of an 

improved administration platform for rhGH.  

2.1.3.2 Insulin  

Insulin is perhaps the most well-known and well-studied protein therapeutic as it was one 

of the first proteins extracted and used for disease treatment, the first protein to be fully 

sequenced, and the first recombinantly-produced protein approved by the FDA [1, 61]. 

Insulin is a small protein with a molecular weight of 5808 Da and an isoelectric point of 

5.3-5.5 [62]. When in its monomeric form, insulin has a hydrodynamic radius of 12-13 Å, 

but can form a hexameric unit in the presence of zinc, which can increase its 

hydrodynamic radius to 28 Å [35]. Insulin is composed of two peptide strands linked 

together by disulfide bridges, the acidic A-chain has 21 amino acids while the more basic 

B chain has 30 amino acids (shown in Table 2-1) [36].   
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Insulin is synthesized in the β-cells located within the islets of Langerhans of the 

pancreas. The insulin RNA is translated by the ribosomes of the endoplasmic reticulum to 

form an insulin preprohormone, with a molecular weight of 11.5 kDa. This 

preprohormone is then cleaved into proinsulin while still in the endoplasmic reticulum to 

a molecular weight of 9 kDa. The final insulin molecule is obtained by the cleavage of 

the proinsulin in the Golgi apparatus, which is then packaged into secretory granules and 

finally secreted [36].  

 

The effects of insulin are widespread but are predominantly concerned with regulation of 

blood glucose levels, specifically ensuring that neither hypoglycemia (blood glucose 

deficiency) nor hyperglycemia (blood glucose excess) occurs [36]. In Type I diabetes 

mellitus (DM-1), the body is unable to produce the necessary amounts of insulin to 

maintain glucose homeostasis and results in severe dehydration and wasting of body 

tissues, which is fatal within a few weeks after onset if not diagnosed and treated. Type II 

diabetes, in contrast to DM-I, is due to constant hyperglycemia, which ultimately causes 

diminished insulin sensitivity, often called insulin resistance. In its early stages, DM-II 

can be managed with changes in diet, exercise, and weight loss. However, if allowed to 

progress, DM-II patients will no longer be able to produce enough insulin to prevent 

hyperglycemia and will then require exogenous insulin [1, 36].  

 

According to the American Diabetes Association (ADA), in the United States there are 

currently over 29.1 million people with diabetes (9.3% of the population) with a little 
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over 1 million adults and children with Type I diabetes. There are 1.4 million new cases 

diagnosed every year, with 86 million individuals qualifying as prediabetic. Diabetes is 

currently the 7th leading cause of death in the US, with additional deaths being attributed 

to diabetes as either an underlying or contributing factor [63].  The healthcare costs 

associated with diabetes are estimated at $245 billion in 2012 with $176 billion being 

ascribed to direct costs and the remaining $69 billion assigned to indirect costs [64].  

 

The traditional means of diabetes management is insulin injections, often several times 

per day following finger pricks to establish glucose levels. Similar to growth hormone, 

several pen alternatives exist to minimize pain, improve dosage accuracy, and provide a 

level of discreteness that a syringe and needle do not have [65]. An alternative to 

injections is the insulin pump, which is capable of providing continuous administration of 

insulin via a plastic catheter placed in the abdomen. These pumps can be programmed to 

release insulin at designated times, such as before a big meal or after exercise, and have 

been shown to improve glucose control [66]. Significant research has also been invested 

into developing a closed-loop system that can act as an artificial or bionic pancreas and 

perform both glucose sensing and insulin administration without external input [67, 68]. 

These closed-loop systems are still in development and not yet approved for clinical use, 

but represent the need for alternative routes of administration to eliminate or significantly 

reduce the amount of injections diabetics are required to perform.  
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2.1.3.3 Ovalbumin  

Ovalbumin is the primary protein found in egg whites, accounting for 60-65% of the total 

proteins, and is composed of 386 amino acids with a molecular weight of 45 kDa [69]. It 

has an isoelectric point of 4.35 [70], a hydrodynamic radius of 32.4 Å [71], and adopts a 

serpin-like structure (shown in Table 2-1) [69]. Unlike the other proteins discussed in this 

section, ovalbumin does not treat a disorder or replace an absent protein, it is, however, 

used extensively in protein vaccine development, serves as a model allergen in airway 

hyperresponsiveness and can also effectively chelate metal ions to mitigate effects of 

heavy metal poisoning [72-74].  

2.1.4 Advantages and Disadvantages of Protein Therapeutics  

When compared to their small molecule counterparts, protein therapeutics have several 

advantages. First and foremost, proteins serve complex and unique functions that are 

incredibly difficult to mimic with small molecule drugs. Additionally, due to their unique 

function and specificity for their receptor or site of action, there is typically a reduction in 

off-target side effects. Proteins are also naturally produced within the body and, if the 

therapeutic variants are of human origin, tend to be well tolerated and elicit minimal 

immune response. Furthermore, in cases where a protein is absent, malformed, or present 

in insufficient quantities, protein therapeutics offer the only currently viable option for 

replacement therapy as gene therapy is still in its infancy [1]. Finally, the clinical 

development and FDA approval time of protein therapeutics has been shown to be shorter 

than that for small molecule drugs [75].  
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While the advantages of protein therapeutics are substantial and have contributed to their 

growing presence in the pharmaceutical landscape there are several challenges and 

disadvantages associated with protein therapeutics that must be discussed. Protein 

production is limited to either purifying it directly from an animal or human source or 

using recombinant DNA technology in a host system to synthesize it from its amino acid 

substituents. The risk of proteins sourced from animal or human tissue/organs are: (1) not 

having sufficient quantity to meet clinical demand, (2) difficulty in purifying the active 

component and (3) exposure to animal or human diseases [1, 5]. Recombinant DNA 

technology can overcome those pitfalls, however, the host system must be carefully 

selected to ensure that any post-translation modifications necessary for protein function 

occur [1, 76, 77]. Additionally, the host system must produce the biologically active 

protein in sufficient quantities for clinical use [78]. Specific proteins, particularly of non-

human origin, can elicit an immune response requiring either cessation of treatment or 

administration of modified protein fragments without antigenic sites [79-81]. The 

production and development of proteins can also be prohibitively expensive, with yearly 

treatment regimes approaching hundreds of thousands of dollars [1, 82].  

 

Proteins are also notoriously difficult to solubilize and, upon solubilization, have limited 

stability. Minor perturbations in environmental pH, temperature, salt concentration, etc. 

can result in the denaturation, or loss of three-dimensional structure, of the protein, and 

subsequent loss of activity [83, 84]. Proteins are readily degraded by proteases that are 
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present in both the external environment and within the in vivo environment as well. The 

presence of proteases can, therefore, drastically affect protein half-life and circulation 

times [1, 85]. The size and hydrophilic/hydrophobic content of proteins often makes their 

delivery into cells and other tissue compartments difficult [1]. For these reasons, in 

addition to the substantial costs, the delivery and distribution of proteins is a challenging 

endeavor and places significant restrictions on the routes of administration available for 

protein therapeutics.  

2.1.5 Routes of Administration   

Due to the limitations discussed above, almost all protein therapeutics are limited in their 

delivery to intravenous, subcutaneous, or intramuscular injections [1]. These routes of 

administration ensure the greatest percentage of the therapeutic payload makes it to the 

target site. Additionally, all three routes avoid the first-pass effect as they are 

administered directly into systemic circulation with intravenous administration also 

avoiding the delays associated with absorption [86].  

 

While injections are widely used and highly effective, there are several drawbacks to this 

means of administration. First and foremost, needle phobia is a significant concern; with 

various reports stating that anywhere between 10-22% of the population suffers from this 

fear. This fear often manifests with a vasovagal response, i.e. dizziness, fainting, or 

shock, and can ultimately result in traumatic experiences while undergoing injections or 

even a complete avoidance of medical treatment [87-90]. In addition to fear, there is often 
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associated embarrassment with the injection process, the necessity for specialized and 

sterile equipment, and the relatively high treatment costs. All of these drawbacks 

ultimately result in a significant reduction of patient compliance, or adherence to their 

treatment plan. Over half of diabetic patients have admitted to intentionally skipping 

injections, with 20% saying they did so due to the associated pain and discomfort [91]. A 

similar trend is observed with patients receiving growth hormone treatment with even 

higher noncompliance rates, 64-77%, which were attributed to discomfort of the injection 

and also dissatisfaction with the treatment [92, 93].  The skipping of injections can have 

deleterious consequences for treatment efficacy and can have dangerous or potentially 

lethal side effects. Alternative delivery schemes taking advantage of non-invasive routes 

of administration have the potential to improve treatment efficacy and overall patient 

quality-of-life.  

 

Several alternative delivery routes for peptide and protein administration have been 

proposed [94] including transdermal [95, 96], buccal [97], pulmonary [98, 99], ocular 

[100], nasal [101, 102], rectal [103], vaginal [104, 105] and oral [106, 107]. Each of these 

delivery routes has associated benefits including vascularization, large absorptive surface 

areas, etc. and detriments including enzymatic activity, metabolic effects, or protective 

barriers [108]. Oral delivery, not to be confused with buccal administration, is the most 

patient tolerated form of drug administration due to its ease, convenience, and lower 

associated cost [109]. The delivery of protein or peptide therapeutics via the oral route 
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could have widespread benefits in providing more patient-tolerated alternative delivery 

routes for improved therapeutic efficacy and quality-of-life.  

2.2 ORAL PROTEIN DELIVERY  

2.2.1. Gastrointestinal Physiology  
The alimentary tract serves several critical functions including supplying the water, 

nutrients, and electrolytes necessary for survival. It does so by (1) moving the food 

through the length of the tract (2) secreting digestive fluids to digest the introduced food 

(3) absorbing the water, nutrients and electrolytes from the digested matter (4) supporting 

vasculature and circulating blood to shuttle the absorbed matter to the rest of the body (5) 

controlling these functions with hormone secretion and (6) serving as a physical and 

immunological barrier to the external environment [36]. The alimentary tract is composed 

of multiple organs that work in unison to accomplish these tasks (shown in Figure 2-2). 

The stomach, small intestine, and large intestine are of particular concern with drug 

delivery, as these organs will come into direct contact with the drug delivery carriers. 

Additionally, the natural physiological changes within the gastrointestinal tract can serve 

as the stimulus for drug release and the barrier through which drugs will need to diffuse 

through before reaching systemic circulation.    

 

The stomach is a sac-like organ that is responsible for the first stage of digestion. The 

food that has been chewed and swallowed is treated with secretions of hydrochloric acid 

to solubilize the food and kill microbes. It also converts pepsinogen to pepsin, a 

proteolytic enzyme, that predominately degrades collagen and accomplishes 10-20% of 
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total protein digestion [36, 39].  The average retention time of food or digested matter 

within the stomach is 1-3 hours [110] and the pH ranges from as low as 2 in the fasted 

state to as high as 5-6 in the fed state [111]. The amount of food consumed in an average 

meal is too large to be released into the upper small intestine in a single bolus dose, even 

after the initial digestion accomplished by the hydrochloric acid and pepsin enzyme. The 

pyloric valve between the antrum region of the stomach and the supper small intestine 

regulates the emptying of the stomach and ensures an appropriate volume is released [36, 

112].  

 

The small intestine is composed of three sections: the duodenum, the jejunum and the 

ileum, and is the site where most of the nutrient absorption occurs during the digestive 

process. The duodenum is a short segment 20-30cm long [113] and is the location where 

the chyme exiting the stomach is mixed with bile from the liver and gallbladder and 

pancreatic secretions containing sodium bicarbonate and the following enzymes: trypsin, 

chymotrypsin, carboxypolypeptidase, amylase, lipase, cholesterol esterase, and 

phospholipase. These secretions serve three primary functions: first, to increase the pH of 

the acidic chyme, second, to solubilize lipids to ensure digestive enzymes can exert 

effect, and finally, to introduce digestive enzymes responsible for digesting lipids, 

proteins, and carbohydrates [36]. The chyme then moves into the jejunum, 2.5m long, for 

continued digestion and nutrient absorption and finally into the ileum, 3.5 m, for the final 

stages of digestion [114]. Over 99% of digestion is accomplished by the time the chyme 

reaches the ileocecal valve between the small and large intestine [36]. During the transit 
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through the GI tract, the pH increases from 6 in the duodenum to 7.4 in the terminal 

ileum [115] with an average transit time of 3-4 hours [116].  

 

The small intestine contains several critical physiological parameters to enhance its 

ability to absorb nutrients; these include the Kerckering folds of the mucosa, the villi – 

fingerlike protrusions into the intestinal lumen – and microvilli – small protrusions on the 

surface of the epithelial cells lining the intestinal tract. These features expand the 

absorptive area almost 1000-fold, providing a total absorptive area of 250 m2 or more 

[36].  

2.2.2 Barriers to Oral Delivery  

2.2.2.1 Proteolytic enzymes  

There are several formidable chemical and physical barriers to the oral delivery of protein 

therapeutics. As previously described, the primary function of the gastrointestinal tract is 

to break down food into its substituent components, i.e. fats, proteins, and carbohydrates, 

and then further break down those components into their monomeric forms, i.e. fatty 

acids, amino acids, and monosaccharides, for ready absorption across the intestinal 

epithelium into the bloodstream [36]. However, any action that disturbs any of the four 

levels of protein structure – primary, or the amino acid sequence; secondary, or the 

folding into regular structures such as alpha helices or beta sheets; tertiary, or the three-

dimensional folding; or quaternary, the formation of multi-protein complexes – can 

eliminate the function of the protein [117].  
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In the stomach, protein structure can be perturbed by both the acidic environment, which 

alone can denature proteins [118], and the presence of the proteolytic enzyme pepsin. The 

precursor for pepsin, pepsinogen, is secreted by zymogenic cells in the stomach lining 

[119]. Upon entering the gastric environment and coming into contact with hydrochloric 

acid, pepsinogen is converted to pepsin, its active enzyme form. Pepsin initiates the 

process of digestion by breaking down the collagen, which is a major component of 

intercellular connective tissue. It is estimated that approximately 10-20% of protein 

digestion occurs in the stomach [36].   

 

Further digestion of proteins occurs after their traversal into the duodenum and following 

the injection of pancreatic juices containing numerous digestive enzymes, specifically 

trypsin, chymotrypsin, and carboxypolypeptidase. Trypsin and chymotrypsin, which are 

both activated in the small intestine, attack and cleave proteins at specific residues into 

smaller polypeptides [38]. Carboxypolypeptidase acts on both the whole proteins but also 

the cleaved polypeptides to remove single amino acids and continue the digestive process 

[36]. Upon reaching the intestinal wall, additional peptidases secreted by the 

enteroendocrine cells located in the intestinal epithelium and residing in the intestinal 

brush border, will break down the polypeptides into smaller tri- or dipeptides or into 

single amino acids [36, 38]. The process of protein digestion is summarized in Figure 2-

3.  For protein therapeutics to maintain their structure and preserve function during their 

transit through the gastrointestinal tract, they must be protected from the degradative 
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effects of the proteolytic enzymes, which, therefore, pose a significant barrier to oral 

protein delivery [120].  

2.2.2.2 Mucus Lining   
The entire gastrointestinal tract is coated with a layer of mucus composed of proteins, 

carbohydrates, lipids, salts, and water and varies in both composition and thickness 

depending on location [121]. The primary protein component of the mucus lining is 

mucin, which can range in weight from 0.5-40 MDa, and account for 2-5% of the dry 

weight of mucus [122]. These mucins will both entangle and crosslink to form a dynamic 

gel with viscoelastic characteristics that can undergo shear-thinning. The mucins interact 

further with the plentiful oligosaccharides in the mucus (40-80% of dry weight) to form 

glycoproteins that contribute to both the protective effects and the viscoelastic character 

of the mucus lining [123]. The proteins not linked with oligosaccharides are available for 

interactions with the lipids in the mucus lining (20% of dry weight). These lipids, both 

adsorbed and covalently linked to form glycolipids, have a significant contribution to the 

viscoelastic character of the mucus gel and also form hydrophobic adhesive trapping 

regions for biological and other contaminants [121].  

 

The mucus layer contains both an adherent layer strongly associated with the cell lining 

and a loosely adherent layer on the luminal side of the GI. The thicknesses vary 

substantially with location (Figure 2-4) in order to balance the protective effects of the 

mucus, i.e. protection against acidic environment, enzymatic activity and mechanical 

shear, and the absorption of nutrients [124]. Therefore it follows that the adherent mucus 
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lining is the thickest in the stomach (180 μm) and colon (110-160 μm) and the thinnest 

along the length of the small intestine (15-29 μm) [121, 124].  

 

While the mucus lining serves numerous beneficial functions, it does present a significant 

barrier for drug delivery. The glycolipids are hydrophobic in nature due to presence of 

lipids and will consequently trap any foreign particles, pathogens, or drugs with 

hydrophobic character [121]. Additionally, the glycosylated regions of the mucins, i.e. 

the glycoproteins, are capable of both electrostatic interactions and non-specific hydrogen 

bonding which can entrap the protein or drug of interest [125].  Finally, the highly 

crosslinked and associated components of the mucus lining forms a gel with an 

associated pore size that can provide a substantial barrier to diffusion [126].   

2.2.2.3 Intestinal Epithelial Lining    

The tightly controlled and selectively permeable intestinal lining is composed of a single 

heterogeneous epithelial layer. This layer consists of four differentiated cell types with 

diverse and critical functions (Figure 2-5) [127]:  

 

1. Absorptive cells – the most populous of the intestinal epithelial cells, a polarized 

columnar enterocyte with microvillus protrusions to increase surface area for 

nutrient absorption  

2. Goblet cells – the second most populous cell, responsible for secreting the 

protective mucus layer found on all gastrointestinal surfaces [124] 
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3. Paneth cells – immune cells that act as part of the innate immune system  

4. Enteroendocrine cells – 15 different subtypes responsible for secreting hormones 

and general regulation of the gastrointestinal tract, including growth, proliferation, 

and digestive activities [38] 

 

The intestinal epithelial lining is able to act as a selectively permeable barrier that 

simultaneously prevents uncontrolled transport of the gut contents into the bloodstream 

while still allowing for the passage of desired nutrients. This barrier activity is 

accomplished by the presence of occluding tight junction complexes, which form 

between the cells of the intestinal lining [38]. The tight junction complex is composed of 

transmembrane proteins – occludins, claudins, and junctional adhesion molecules – 

which interact with and seal the plasma membranes of neighboring cells, and intracellular 

proteins – zona-occludins (ZO) – which anchor the tight junction complex to the 

cytoskeletal structure [128-130]. The branching network (shown in Figure 2-6) and the 

number of associated tight junction strands directly corresponds to how restrictive a 

membrane is to material transport [131] and varies based on cell type and location [132]. 

For example, the transepithelial electrical resistance (TEER), a measure of tight junction 

integrity, varies from 51 Ω x cm2 in the jejunum to 385 Ω x cm2 in the distal colon [133].  

 

The tight junctions and the tightly controlled intestinal epithelium have significant 

implications for drug delivery, specifically of large protein therapeutics. To be 

transported through the paracellular route, in other words to passively diffuse through the 
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pores in the tight junction complex, the molecule of interest must be small enough to do 

so. Without any perturbation, the tight junctions in the jejunum will allow a flux of 

solutes ranging in size from 6-10 Å [134]. Even insulin, a small protein with a molecular 

weight of 5.8 kDa has a hydrodynamic radius of 11-13 Å in its monomeric form [35]. 

Therefore, this route is predominantly limited to small hydrophilic molecules [135].  

 

The intestinal epithelial barrier can also be traversed transcellularly, or through the cells 

themselves. This transcellular transport can occur by diffusion either passively (1), 

mediated by carrier proteins (2), by active transport (3), or by vesicular transport via 

transcytosis (4) and endocytosis (5). These transport pathways are summarized in Figure 

2-7. In passive transcytosis, small lipophilic molecules can transport across the lipid 

plasma membrane in a concentration dependent manner. If the molecule is more 

hydrophilic, too large for passive transport, and poorly absorbed, transcellular transport 

can still occur, but does so in the presence of a membrane bound carrier protein. This can 

occur passively down a concentration gradient or actively against the concentration 

gradient if an energy source such as adenosine triphosphate (ATP) is used. Transcytosis 

is more commonly observed in the transport of larger macromolecules and occurs when 

these molecules are in close proximity to the lipid bilayer and are engulfed in lipid 

vesicles. These vesicles are then transported through the cellular cytosol and their 

contents released on the basolateral side of the cell [136, 137]. Endocytosis is mediated 

by cell surface receptors, which upon binding with a ligand prompt the cell membrane to 

form a small vesicle engulfing the receptor and its bound macromolecule. The vesicle is 
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then transported to the early endosome where the contents are either shuttled to the 

lysosomes or recycled back to the plasma membrane. The recycling back to the plasma 

membrane can result in the transcellular transport of the vesicle contents [38].  

2.2.3 Strategies to Overcome Barriers to Oral Delivery   

2.2.3.1 Protease Inhibitors  

Protease inhibitors function by decreasing or eliminating the activity of the protein-

digesting enzymes, or proteases, that a protein drug will encounter during transit through 

the gastrointestinal tract with the goal of improving oral bioavailability of protein 

therapeutics. There are numerous classes of protease inhibitors including (1) those not 

based on amino acids, such as P-aminobenzamidine, FK-448, and camostat melisate, (2) 

those based on amino acids and modified amino acids, such as alpha-aminoboronic acid 

derivatives, (3) peptides and modified peptides, including bacitracin, antipain, 

chymostatin, and amastatin, (4) polypeptide protease inhibitors such as aprotinin, 

Bowman-Birk inhibitor, and soybean trypsin inhibitors. These are thoroughly covered in 

a review by Bernkop-Schnürch [138].  

 

Additional protease inhibitors include agents that can chelate calcium and other critical 

ions for enzymatic function, such as EDTA and ionic polymers such as polyacrylates 

[139]. Chitosan has also been investigated thoroughly as it is mucoadhesive, can enhance 

permeation across the intestinal epithelial lining, and is readily modifiable with various 

inhibitors [140-142]. The challenges associated with the use of protease inhibitors include 
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difficulty in achieving high enough local concentrations to elicit a significant effect on 

enzymatic activity, the specificity of certain protease inhibitors precludes their use for 

widespread activity suppression, and the non-amino acid based inhibitors have a 

propensity to be highly toxic [138]. Furthermore, the elimination or reduction of normal 

protease expression can have consequences for nutrient absorption after digestion and 

also on organ health after the potential inadvertent stimulation of protease secretion due 

to feedback mechanisms [143].  

2.2.3.2 Permeation Enhancers   

Permeation enhancers are compounds capable of reversibly disrupting or removing the 

intestinal epithelial barriers to allow a drug that would otherwise be unable to traverse the 

epithelial lining to be transported. These compounds would ideally elicit minimal toxicity 

and only act transiently on the epithelial lining with negligible off-target side effects 

[143, 144].  A wide variety of compounds have been investigated for their ability to 

improve transmucosal drug delivery, such as salicylates, fatty acids, bile salts, 

surfactants, chelating agents, toxins and venom extracts, and both anionic and cationic 

polymers. These agents function by a diverse assortment of mechanisms including 

increasing membrane fluidity, dilating or disrupting tight junctions, perturbing cell 

membrane integrity, harnessing active transport pathways, and opening ion channels 

[143, 145]. While shown to be effective in increasing protein transport, there are concerns 

about the long-term use of permeation enhancers, including permanent epithelial 
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disruption and the indiscriminate introduction of deleterious agents such as viruses and 

other toxins to systemic circulation [146].  

 

An alternative to traditional permeation enhancers is a platform developed by 

Empisphere Technologies, Inc., called Eligen™. Instead of disrupting the epithelial 

lining, the Emisphere delivery agents, based on sodium N-[8-(2-

hydroxybenzoyl)aminocaprylate) (SNAC), noncovalently links to the protein molecule 

and the resulting SNAC-protein complex is able to transport across the epithelial 

membrane [147-152]. This platform has been shown to have minimal perturbation of the 

intestinal epithelial lining, maintains the chemical structure of the therapeutic, and has 

shown efficacy in a diverse range of molecules including cromolyn sodium [151], insulin 

[153, 154], recombinant human growth hormone [147, 149, 155], calcitonin [156], and 

recombinant parathyroid hormone [148].  

2.2.4 Systems for Oral Protein Delivery    

2.2.4.1 Enteric Coatings  

The primary function of enteric coatings is to prevent dissolution of the carrier and 

release of the active agent in the gastric environment. The composition of the enteric 

coating can be selected to further control the specific pH, and consequently the location, 

at which the coating will solubilize and the drug can be released. This solubilization of 

the coating occurs because the polymers are not crosslinked and upon deionization at the 

designated pH will readily dissolve. There are numerous enteric coatings that are 
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commercially available including shellac, cellulose acetate phthalate (CAP), 

poly(methacrylic acid-co-methyl methacrylate) (Eudragit®), cellulose acetate trimelliate 

(CAT), poly(vinyl acetate phthalate) (PVAP), and hydroxypropyl methylcellulose 

phthalate. The pH values at which solubilization occurs ranges from as low as 4.5 for the 

hydroxypropyl methylcellulose phthalate to 7.0 for Eudragit® and shellac formulations 

[157].  

 

Eudragit® enteric coatings for targeted intestinal delivery (L100, L30, and S100) [158-

160] and hydroxypropyl methylcellulose phthalate [161] have both been investigated for 

oral insulin delivery and have shown pH-mediated release and hypoglycemic effects. 

However, these systems have been shown to suffer from premature insulin release at low 

pH, which may be due to weak electrostatic interactions between the polymer chains 

[162, 163]. Additionally, these enteric coatings have not been shown to have any 

mucoadhesive behavior, nor ability to enhance permeation or improve protein 

permeation.  

2.2.4.2 Stimuli-Responsive Hydrogels  

Hydrogels are three-dimensional hydrophilic polymeric networks capable of imbibing 

water and swelling to many times their original volume. These networks are rendered 

insoluble due to the presence of physical or chemical crosslinks [164]. The incorporation 

of different monomers into the hydrogel backbone can affect its ionic character, its bulk 

swelling properties, and can impart stimuli-responsive behavior into the hydrogel. 
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Stimuli-responsive hydrogels are capable of undergoing either a physical, chemical, or 

conformation change in response to an external stimulus [165-167]. These stimuli range 

from temperature [168] and pH [160, 169] to enzymatic [170-172] or chemical profiles 

[173-175], and even to an externally applied stimulus such as magnetic field [176, 177]. 

The ability to design hydrogel systems with stimuli-responsive behavior has implications 

for a wide variety of targeted drug delivery applications.  

2.2.4.2.1 Complexation Hydrogels  

For oral delivery, the target site of interest is the small intestine and the naturally 

occurring change in pH along the gastrointestinal tract provides a ready stimulus for drug 

delivery applications. A subset of stimuli-responsive hydrogels, called complexation 

hydrogels, is capable of undergoing a pH-mediated swelling response, due to the 

presence of ionizable pendant groups in the polymer backbone [169]. If these pendant 

groups are acidic, the complexation hydrogels are designated as anionic hydrogels, 

conversely, if the pendant groups are basic, the hydrogels are considered cationic 

hydrogels [178]. 

 

When the acidic pendant groups in anionic hydrogels are protonated, they engage in 

hydrogen bonding with hydrogen bond accepting groups within the polymer network. 

This hydrogen bonding, or complexation, maintains the hydrogel in a collapsed state at 

pH values below the pKa of the ionic constituent. Upon exposure to pH values above the 

pKa, the pendant groups will deprotonate, disrupting the hydrogen bonding and resulting 
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in the buildup of fixed charge along the polymer. The generation of electrostatic repulsive 

forces between the negative charge and subsequent water imbibition results in the pH-

dependent swelling behavior. Cationic hydrogels behave in an inverse manner, where the 

hydrogel is swollen at pH values below the pKb of the basic pendant groups due to water 

imbibition and positive charge buildup along the polymer backbone. At pH values above 

its pKb, the gel collapses, expelling water, as the polymer complexes are formed [164, 

169, 179]. Representative swelling curves of anionic and cationic hydrogels are shown in 

Figure 2-8. The pH transition from the stomach (acidic) to upper small intestine (neutral) 

can be used to trigger the swelling of an anionic hydrogel system from its collapsed state. 

For this reason, anionic hydrogels have been deemed the best option for the oral delivery 

of protein therapeutics.  

2.2.4.2.2 P(MAA-g-EG)  

The Peppas lab has developed a set of anionic pH-responsive hydrogels based upon 

methacrylic acid (MAA) that have shown great utility in the oral delivery of a variety of 

protein therapeutics. MAA was selected due to its methacrylate functionality, allowing it 

to be readily polymerized into a carbon polymer backbone and its pendant carboxylic 

acid group that has a pKa of ~4.8 [180, 181].  At pH values less than 4.8, the carboxylic 

acid group of the methacrylic acid is protonated and engaged in hydrogen bonding 

keeping the hydrogel collapsed. Once the pH value increases above 4.8, the carboxylic 

acid group deprotonates resulting in a negatively charged species. In the context of the 

hydrogel system, this causes a buildup of negative charge on the backbone of the polymer 
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and the subsequent electrostatic repulsion serves as the impetus for water imbibition and 

hydrogel swelling [182]. This pH-induced deprotonation occurs at the natural 

physiological pH transition between the acidic environment (pH < 4.8) of the stomach 

and the more neutral environment of the small intestine (pH > 4.8). Therefore, MAA is a 

particularly good candidate for oral drug delivery applications.  

 

Additionally, the copolymerization of MAA with different monomer species such as 

poly(ethylene glycol) (PEG) yield copolymers, designated as P(MAA-g-EG), that 

incorporate additional functionality into the hydrogel drug carrier. Specifically, PEG, 

when incorporated as a grafted chain, contains numerous etheric groups that engage in 

hydrogen bonding with the methacrylic acid to encourage complexation, allowing 

P(MAA-g-EG) to remain collapsed at low pH and provide drug protection [160, 183]. 

PEG is also a highly hydrophilic and can improve the overall swelling behavior of the 

hydrogel species in the appropriate environment [184]. The increased swelling capacity 

of the PEG-containing hydrogels opens up larger pores in the hydrogel matrix, which, in 

turn, can improve drug loading and release capabilities [185, 186]. In addition to being 

hydrophilic, at large enough molecular weights, PEG has the potential to interact with the 

mucus lining of the upper small intestine and undergo a mucoadhesive type behavior that 

can improve overall residence time in the absorptive window of the upper GI tract [187-

190]. Past work in the Peppas lab has shown that at a 1:1 ratio of hydrogen bonding 

groups of MAA:PEG, has resulted in a mechanically robust hydrogel able to undergo a 

pH-mediated swelling response, load and release protein cargoes including insulin [182, 
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191-193], interferon-β [194] and calcitonin [194, 195] and facilitate transmucosal drug 

delivery into the bloodstream [160, 184, 191].  

2.2.4.2.3 P(MAA-co-NVP)  

Efforts in the lab have shifted toward the optimization of different complexation hydrogel 

networks for the oral delivery of a variety of protein therapeutics. Copolymers of MAA 

with N-vinyl pyrrolidone (NVP), designated as P(MAA-co-NVP) were proposed by Carr 

et al for oral protein delivery [181, 196, 197]. NVP is a highly hydrophilic monomer that 

can be readily polymerized into the backbone of the hydrogel network [198-201] and 

possesses desirable properties such as bioadhesion [202], minimal toxicity [203], ability 

to form hydrogen bond complexes with MAA [181, 199, 204], and a neutral charge that 

will have no effect on the pH-responsive behavior of the hydrogel [205]. P(MAA-co-

NVP) exhibits the appropriate anionic swelling behavior needed for oral delivery, in fact, 

remaining more tightly collapsed at low pH than its P(MAA-g-EG) counterpart. This 

system has shown great promise in the delivery of small protein therapeutics, such as 

insulin, and also for larger protein therapeutics, such as growth hormone [206]. However, 

one limitation of the P(MAA-co-NVP) is its diminished swelling when compared to 

P(MAA-g-EG), that may ultimately reduce its protein loading potential. Therefore, a 

natural evolution in the development of a pH-responsive hydrogel for oral protein 

delivery is to combine the improved swelling capacity of P(MAA-g-EG) with the 

improved complexation behavior of P(MAA-co-NVP), into a terpolymer system 

composed of methacrylic acid, N-vinyl pyrrolidone, and poly(ethylene glycol) tethers.   
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2.3 FIGURES  

Table 2-1. Summary of insulin, growth hormone, and ovalbumin protein characteristics.   

  

 Insulin Growth Hormone Ovalbumin 
 
 

Structure 
 

 
 

 
  

Molecular 
Weight 5.8 kDa 22 kDa 45 kDa 

Number of 
Amino Acids 51 191 386 

Hydrodynamic 
Radius 12-13 Å 25 Å 32.4 Å 

Isoelectric 
Point 5.3-5.5 4.8 4.4 
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Table 2-2. Factors that affect growth hormone secretion [36, 208].  

Growth Hormone Stimulation Growth Hormone Inhibition 
Decreased blood glucose Increased blood glucose 

Decreased blood free fatty acids Increased blood free fatty acids 
Starvation, feeding, protein deficiency Aging 

Trauma, stress excitement Obesity 
Exercise Somatostatin 

Testosterone, Estrogen Exogenous GH 
Deep sleep (Stages II-IV) Insulin-like growth factors 

Growth hormone releasing hormone  
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Figure 2-1. Stimulatory pathway of growth hormone and its immediate physiological 
effects [39].  

Stimulus: 
Exercise, stress, fasting, low plasma glucose, sleep  

Hypothalamus  
Increase GHRH secretion and/or Decreased SS secretion   
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Table 2-3. Available growth hormone therapies.  

 
GHD – growth hormone deficiency, PWS – Prader-Willi syndrome, SGA – small for 
gestational age, TS – Turner’s syndrome, ISS – idiopathic short stature syndrome, SHOX 
– short stature homeobox-containing gene deficiency 

Product Name Company Diseases Approved for 
Treatment 

Genotropin® Pfizer Adult GHD, childhood 
GHD, PWS, SGA, TS, ISS 

Humatrope® Lilly 
Adult GHD, childhood 

GHD, TS, SHOX 
deficiency 

Norditropin® Novo Nordisk 
Adult GHD, childhood 

GHD, ISS, Noonan 
syndrome, TS, GSA 

Nutropin® Genentech 
Adult GHD, childhood 
GHD, ISS, TS, chronic 

kidney disease 

Omnitrope® Novartis Adult GHD, childhood 
GHD, PWS, SGA, TS, ISS 

Siazen® EMD Serono, subsidiary of 
Merck 

Adult GHD, childhood 
GHD 

Serostim® EMD Serono, subsidiary of 
Merck 

HIV-positive patients with 
muscle wasting 
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Figure 2-2. Illustrated schematic of gastrointestinal tract. Figure obtained from [209].  
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Figure 2-3. Pathway for proteolytic degradation of proteins into their substituent amino 
acid components.   
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Figure 2-4. Schematic showing the thickness of both the loosely and firmly adherent 
mucus layers in the corpus, antrum, duodenum, jejunum, ileum and colon of the rat 
gastrointestinal tract. Figure obtained from [125].  
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Figure 2-5.  Cells of the intestinal epithelial lining including the mature differentiated 
enterocytes, enteroendocrine, goblet and Paneth cells as well as the intestinal stem cells 
and transit amplifying cells that differentiate into the mature cell types. Figure obtained 
from [210].  
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Figure 2-6.  (A) An electron microscopy image of freeze fractured intestinal epithelial 
cells. The tight junctions are designated by the arrow heads and appear as a network of 
fibrous strands or grooves (Mv, microvilli; Ap, apical membrane; Bl, basolateral 
membrane); (B) Sectional view of the tight junction; (C) Schematic of the three-
dimensional tight junction structure showing the tight junction strands and the kissing 
points between cellular plasma membrane. (Image obtained from [132])      
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Figure 2-7. Transport pathways of the intestinal epithelial layer – (a) paracellular 
transport, (b) transcellular transport by diffusion, (c) facilitated diffusion, (d) transcytosis, 
(e) endocytosis, (f) active transport, and (g) efflux. Figure obtained from [137].   
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Figure 2-8. Swelling ratio as a function of pH for both anionic and cationic pH-
responsive hydrogels in response to pH. Figure obtained from [211].   
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Chapter 3. Objectives and Specific Aims  

 
Protein therapeutics have widespread therapeutic uses, ranging from treating endocrine 

disorders to autoimmune diseases and certain forms of cancer [1]. While useful, their 

large size, complex structure, and easily perturbed structures have limited their 

administration to intravenous, subcutaneous, or intramuscular injections [2]. This route of 

administration is effective as it ensures rapid and complete delivery to systemic 

circulation, but is met with resistance and reluctance from patients and, ultimately, results 

in a lack of patient compliance and adherence to treatment regimes and a overall decrease 

in patient quality-of-life [3, 4].  

 

An oral delivery system for the administration of protein therapeutics would provide a 

more patient-tolerated alternative to classic injections-based delivery.  However, without 

protection, the protein drug would not persist in the gastrointestinal tract due to 

degradative pH conditions and proteolytic enzymes and, therefore, be unable to exert a 

therapeutic effect [5]. A novel class of complexation hydrogels based upon methacrylic 

acid and poly(ethylene glycol, P(MAA-g-EG), has been developed by the Peppas lab to 

serve as protective drug delivery vehicles for oral protein administration [6]. At low pH, 

such as in the stomach, the hydrogel remains collapsed due to interpolymer complexes in 

the form of hydrogen bonds, keeping the therapeutic protein protected within the polymer 

matrix. At a neutral pH, such as in the intestine, the complexes dissociate and the 

hydrogel swells due to a combination of water imbibition and electrostatic repulsion [7]. 
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This swelling behavior opens up pores in the hydrogel matrix and releases the therapeutic 

protein, which can then be transported across the intestinal epithelial layer and into the 

bloodstream.  

 

While substantial work has gone into developing and optimizing these complexation 

hydrogels for the oral delivery of insulin [6, 8-10], there are numerous other potential 

therapeutic proteins candidates for oral delivery using these drug delivery systems. The 

objective of this work, therefore, was to develop a new class of pH-responsive hydrogels 

based upon methacrylic acid, N-vinyl pyrrolidone, and poly(ethylene glycol), which 

could be readily optimized for the oral delivery of a variety of protein therapeutics 

including insulin, growth hormone and ovalbumin.  Numerous design and experimental 

parameters were explored to tailor the systems for the proteins of interest. Particular 

focus was given to the optimization of this system for human growth hormone, as the 

loading, release, and oral delivery of higher molecular weight protein therapeutics has not 

been as fully explored. To achieve this objective the following specific aims were 

proposed:     

 

Specific Aim 1: Design, synthesize and characterize pH-sensitive hydrogels based upon 

methacrylic acid, N-vinyl pyrrolidone, and poly(ethylene glycol) with varying monomer 

compositions, crosslinking density, and crosslinking length for the oral delivery of higher 

molecular weight protein therapeutics (Chapter 4).  
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Specific Aim 2: Investigate the effects of loading conditions, protein molecular weight, 

and hydrogel composition on the loading and release capacity of the developed pH-

responsive hydrogel systems (Chapter 5).  

 

Specific Aim 3: Evaluate the cytocompatibility of the carrier and its ability to enhance 

protein transport across a model intestinal epithelial lining (Chapter 6).  

 

Specific Aim 4: Perform an in vivo evaluation of hydrogel carrier safety in a murine 

model and assess hydrogel performance improving protein bioavailability when 

administered to a closed-loop intestinal model in rats (Chapter 7 and Chapter 8).  
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Chapter 4.  Synthesis, Characterization, and Molecular Analysis of a 
New Family of Environmentally-Responsive Complexation Hydrogels 

Containing Methacrylic Acid, N-Vinyl-2-Pyrrolidone, and 
Poly(Ethylene Glycol) 

 

4.1 INTRODUCTION  

Stimuli-responsive hydrogels are a class of biomaterials capable of undergoing a 

physical, chemical or conformational change in response to an environmental stimulus 

[1-3]. These stimuli can range from changes in pH [4, 5] and temperature [6] to the 

enzymatic [7-9] or chemical profile [10-12] of a delivery site to an externally applied 

magnetic field [13, 14]. The primary benefit of these stimuli-responsive systems is their 

ability to be used for targeted drug delivery to either sites of disease or sites of 

therapeutic action [15]. By ensuring targeted delivery, these stimuli-responsive systems 

have multiple benefits over traditional non-targeted administration, including more 

efficient delivering the drug to the target site, reducing or eliminating off-target side 

effects, and protecting the therapeutic payload until delivery [1]. 

 

A subset of stimuli-responsive hydrogels, called complexation hydrogels, is capable of 

undergoing a pH-mediated swelling response. The pH responsive behavior of the 

hydrogel network is imparted by the presence of ionizable pendant groups in the polymer 

backbone [4]. When the ionizable pendant groups are protonated, they engage in 

hydrogen bonding with hydrogen bond accepting groups within the polymer network. 
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This hydrogen bonding, or complexation, maintains the hydrogel in a collapsed state 

protecting any loaded therapeutic payload within the hydrogel matrix. When exposed to 

an aqueous solution of an appropriate pH and ionic strength, these pendant groups will 

ionize, disrupting the hydrogel bonding and result in the buildup of a fixed charge along 

the polymer. The generation of electrostatic repulsive forces between the accrued 

negative charge results in the pH-dependent swelling and deswelling processes as the 

water is either absorbed or expelled from the hydrogel network [4, 16, 17]. 

 

The Peppas lab has developed a set of anionic pH-responsive hydrogels based upon 

methacrylic acid (MAA) that have shown great utility in the oral delivery of a variety of 

protein therapeutics. MAA was selected due to its methacrylate functionality, allowing it 

to be readily polymerized into a carbon polymer backbone and its pendant carboxylic 

acid group that has a pKa of ~4.8 [18, 19].  At pH values less than 4.8, the carboxylic 

acid group of the methacrylic acid is protonated and engaged in hydrogen bonding 

keeping the hydrogel collapsed. Once the pH value increases above 4.8, the carboxylic 

acid group deprotonates resulting in a negatively charged species. In the context of the 

hydrogel system, this causes a buildup of negative charge on the backbone of the polymer 

and the subsequent electrostatic repulsion serves as the impetus for water imbibition and 

hydrogel swelling [20]. This pH-induced deprotonation occurs at the natural 

physiological pH transition between the acidic environment (pH < 4.8) of the stomach 

and the more neutral environment of the small intestine (pH > 4.8). Therefore, MAA is a 

particularly good candidate for oral drug delivery applications.  
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Additionally, the copolymerization of MAA with different monomer species such as 

poly(ethylene glycol) (PEG) yield copolymers, designated as P(MAA-g-EG), that 

incorporate additional functionality into the hydrogel drug carrier. Specifically, PEG, 

when incorporated as a grafted chain, contains numerous etheric groups that engage in 

hydrogen bonding with the methacrylic acid to encourage complexation, allowing 

P(MAA-g-EG) to remain collapsed at low pH and provide drug protection [5, 21]. PEG is 

also a highly hydrophilic and can improve the overall swelling behavior of the hydrogel 

species in the appropriate environment [22]. The increased swelling capacity of the PEG-

containing hydrogels opens up larger pores in the hydrogel matrix, which, in turn, can 

improve drug loading and release capabilities [23, 24]. In addition to being hydrophilic, 

at large enough molecular weights PEG has the potential to interact with the mucus lining 

of the upper small intestine and undergo a mucoadhesive type behavior that can improve 

overall residence time in the absorptive window of the upper GI tract [25-28]. Past work 

in the Peppas lab has shown that at a 1:1 ratio of hydrogen bonding groups of MAA:PEG, 

has resulted in mechanically robust hydrogel able to undergo a pH-mediated swelling 

response, load and release protein cargoes including insulin [20, 29-31], interferon-β 

[32] and calcitonin [32, 33] and facilitate transmucosal drug delivery into the 

bloodstream [5, 22, 29].  

 

Efforts in the lab have shifted toward the optimization of different complexation hydrogel 

networks for the oral delivery of a variety of protein therapeutics. Copolymers of MAA 



68 

with N-vinyl pyrrolidone (NVP), designated as P(MAA-co-NVP) were proposed by Carr 

et al for oral protein delivery [19, 34, 35]. NVP is a highly hydrophilic monomer that can 

be readily polymerized into the backbone of the hydrogel network [36-39] and possesses 

desirable properties such as bioadhesion [40], minimal toxicity [41], an ability to form 

hydrogen bond complexes with MAA [19, 37, 42], and a neutral charge that will have no 

effect on the pH-responsive behavior of the hydrogel [43]. P(MAA-co-NVP) exhibits the 

appropriate anionic swelling behavior needed for oral delivery, in fact, remaining more 

tightly collapsed at low pH than its P(MAA-g-EG) counterpart. This system has shown 

great promise in the delivery of small protein therapeutics, such as insulin, and also for 

larger protein therapeutics, such as growth hormone [44].  

 

In this work, we investigated a crosslinked terpolymer composed of MAA, NVP, and 

PEG, henceforth designated as P((MAA-co-NVP)-g-EG) network, designed to deliver 

higher molecular weight protein therapeutics, specifically human growth hormone 

(hGH). We hypothesized that the incorporation of all three monomer species would 

provide the best set of characteristics to the hydrogel for the oral delivery of hGH. 

Specifically, MAA will be used to impart pH-responsiveness to the hydrogel. The pKa of 

MAA should remain at ~4.8 as incorporation of both NVP and PEG in copolymer 

systems have shown no effect upon the overall pKa of the resulting hydrogel systems [19, 

20]. NVP and PEG are both highly hydrophilic species capable of being readily 

polymerized into the hydrogel backbone and engaging in hydrogen bonding with the 

protonated methacrylic acid. The motivation to include both components lies in the 



69 

strength of complexation between MAA and NVP to more tightly collapse the hydrogel 

and protect the therapeutic payload, while inclusion of PEG could improve the swelling 

response and open larger pore in the matrix for loading and release of larger molecular 

weight drugs [45-47]. Additionally, when incorporated together into a hydrogel, NVP and 

PEG have been shown to improve the adhesiveness of the resulting material, which 

should ideally increase the residence time of the hydrogel in the upper small intestine and 

improve overall oral bioavailability [40] .  

 

Here we will discuss the development, synthesis and characterization of the P((MAA-co-

NVP)-g-EG) hydrogel system. Herein we will investigate the influence of polymer 

composition and crosslinking type and density on the thermal properties, IR spectra, 

microparticle morphology, and pH-responsive swelling behavior.  

4.2 METHODS  

4.2.1 Synthesis of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) Hydrogels  

Two different sets of hydrogels composed of MAA and NVP were prepared either in the 

presence or absence of a methyl-capped PEG methacrylate ester. The resulting hydrogels 

are either copolymers of MAA and NVP or a copolymer of MAA and NVP grafted with 

PEG chains designated as P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG), respectively. 

One of two dimethacrylated poly(ethylene glycol) chains – tetraethylene glycol 

dimethacrylate (TEGDMA, 4 repeating ethylene glycol units) and poly(ethylene glycol) 
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400 dimethacrylate (PEGDMA400, 9 repeating ethylene glycol units) – served as the 

means by which the hydrogel was covalently crosslinked.  

 

The P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels were synthesized by a 

UV-initiated free-radical polymerization. The monomers methacrylic acid (MAA; Sigma-

Aldrich, St. Louis, MO), N-vinyl pyrrolidone (NVP; Sigma-Aldrich, St. Louis, MO), and 

poly(ethylene glycol) 1000 monomethylether monomethacrylate (PEGMMA; 

Polysciences Inc., Warrington, PA) were added at a 2:1:1 molar ratio of the hydrogen 

bonding groups (44:22:1 molar ratio), or simply 2:1 in the absence of PEG in the 

P(MAA-co-NVP) system. Either TEGDMA (Sigma-Aldrich, St. Louis, MO) or 

PEGDMA400 (Polysciences Inc., Warrington, PA) were added at a 1 or 1.25 mol percent 

relative to the total monomer content. All components were mixed into an amber vial to 

prevent possible auto-initiated polymerization. A 50:50 water:ethanol solution was 

introduced at 50 weight percent of the combined monomer and crosslinker. Finally, a 

UV-initiator, Irgacure® 184 (1-hydroxycyclohexyl phenyl ketone; Sigma-Aldrich, St. 

Louis, MO), was incorporated at 1 weight percent of the total monomer content. The pre-

polymer solution was sonicated for 20 minutes at room temperature to ensure complete 

dissolution of the monomer components and homogeneous incorporation. An overview 

of synthesized polymers is listed in Table 4-1 and monomer, crosslinker, and initiator 

chemical structures are shown in Figure 4-1.  
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After sonication, the pre-polymer solution was brought into an MBraun® glove box 

(MBraun Inc., Garching, Germany) to perform the polymerization under an inert nitrogen 

atmosphere (<1ppm oxygen). The solution was purged with nitrogen gas for 2 minutes 

and then pipetted between two quartz slides separated by a 0.7mm Teflon® spacer. The 

film was polymerized under UV light (Dymax 2000-EC Light Curing System, 

Torrington, CT) at ~18 mW/cm2 for 30 minutes. After polymerization, the hydrogel film 

was removed from the glass slide and 10mm-diameter discs were punched. Both the discs 

and remaining hydrogel material were placed into DI water and allowed to rinse for 7-10 

days with daily water changes to remove unreacted components. After washing, the discs 

and films were dried under ambient conditions for 3 days and then vacuum dried at 37oC 

for 3 additional days. The hydrogel film was then crushed using a mortar and pestle and 

sieved to a diameter of 30-45 μm. The discs and microparticles were stored at room 

temperature in a desiccator until use.    

4.2.2 Thermal Gravimetric Analysis  

To investigate both the physical and chemical characteristics of the P((MAA-co-NVP)-g-

EG) hydrogel formulation thermal gravimetric analysis was performed using a TA 

Instruments Q500 Thermal Gravimetric Analyzer (New Castle, DE). Hydrogel 

microparticles (>150 μm) were added to aluminum sample pans at sufficient weight to 

completely cover the base of the pan (~1-5 mg). The loaded sample pans were then added 

to tared platinum sample pans. The temperature was increased from 30 to 550oC at a rate 



72 

of 10oC/min under a nitrogen flow of 60 mL/min and the instrument recorded mass loss 

as a function of temperature.  

4.2.3 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) was used to investigate the presence of 

specific functional groups on the surface of the hydrogel microparticle. Samples were 

prepared by adding 195 mg of crushed potassium bromide (Sigma-Aldrich, St. Louis, 

MO) and 5 mg of P((MAA-co-NVP)-g-EG) microparticles (>150 μm). A 200 mg 

potassium bromide blank was also prepared. All samples and the blank were heated at 

100oC overnight to remove all moisture. Samples were pressed into 13mm discs using a 

KBr Die (International Crystal Laboratories, Garfield, NJ) and applying 7000 psi for 2 

minutes. FTIR spectra were acquired using a Thermo Mattson Infinity Gold Spectrometer 

(Thermo Fisher Scientific, Waltham, MA). An average of 128 scans were obtained in the 

wavenumber range of 500-4000 cm-1. Final spectra for analysis were obtained by 

subtracting the background spectra from all sample spectra.  

4.2.4 Potentiometric Titration  

To determine the MAA content of the hydrogels, potentiometric titration was performed. 

A 7mg/mL microparticle and 8 mg/mL sodium chloride solution was prepared in 

deionized water and then titrated to a pH of 10 with a 0.2 N sodium hydroxide solution 

(standardized with potassium hydrogen phthalate) under constant stirring at 25oC. The pH 

was measured using a Mettler Toledo SevenEasyTM (Metttler Toledo, Columbus, OH) pH 

probe and only recorded after the measurements reached a steady value (three 
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consecutive measurements reading +/- 0.01 pH units over 5-10 minutes). The measured 

equivalence point represents the balance between the number of moles of MAA (acidic 

component) and moles of sodium hydroxide (basic component). Therefore, the number of 

moles of MAA in the hydrogel microparticles was calculated from the added volume of 

sodium hydroxide solution.  

4.2.5 Scanning Electron Microscope Microparticle Morphology Investigation 

Scanning electron microscopy was performed to evaluate the surface morphology of 

crushed and sieved hydrogel microparticles and to identify any formulation-dependent 

characteristics. Scanning electron microscope specimen mounts were coated with 

conductive carbon tape. Hydrogel microparticles (30-45 μm) were dusted onto the 

prepared specimen mounts and coated with 12nm of Pt/Pd using a Cressington 208HR 

sputter coater (Watford, England, UK). The coated samples were imaged with a Zeiss 

Supra 40VP Scanning Electron Microscope (Oberkochen, Germany) at magnifications 

ranging from 500-2000X at a brightness level of 50% and a contrast level of 28.4%.   

4.2.6 Turbidity Analysis of Microparticle Swelling 

Kinetic turbidimetric analysis was performed to assess the pH-responsive behavior of the 

hydrogels on the microscale level, an analysis of the turbidity of the samples was 

performed. Turbidity is a function of hydrogel concentration, hydrogel microparticle 

diameter, and the mismatch between the refractive indices of the hydrogel and the solvent 

[9]. Several optimization studies were therefore performed to determine which 



74 

concentration and particle diameter would provide sufficient signal to yield results (as 

discussed in Appendix A).  

 

To measure the turbidity of all of the hydrogel formulations, P((MAA-co-NVP)-g-EG) 

hydrogel microparticles of the following formulations 0.75% PEGDMA400, 1% 

TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 (75-90 μm) 

were added to 1X PBS at a 5 mg/mL concentration. The solutions were plated in 

triplicate onto a 96-well polystyrene plate and read every 2 minutes for 100 minutes at an 

absorbance of 500 nm using a BioTek Cytation 3 plate reader (BioTek, Winooski, VT). 

Prior to each reading, the plate was shaken for 5 seconds with an orbital shaking pattern.  

4.2.7 Dynamic Swelling Studies 

Dynamic swelling studies were used to probe the pH-responsive behavior of the 

hydrogels as they were transitioned from acidic pH, representing the natural pH gradient 

found from the gastric to the intestinal conditions.  

 

Ten different 3,3-dimethylglutaric acid (Sigma Aldrich, St. Louis, MO) buffers were 

prepared in 100 mL capacity glass jars ranging in pH from 3.2 – 7.6. The pH values were 

adjusted to 3.2, 3.6, 4.2, 4.8, 5.4, 5.8, 6.2, 6.6, 7.2, and 7.6 with 0.2 N sodium hydroxide 

(Fisher Scientific, Waltham, MA). The ionic strength was held constant at 0.1M by 

adjusting the amount of sodium chloride (Fisher Scientific, Waltham, MA) added to each 

buffer. All recipes to prepare the DMGA buffers are listed in Appendix B.  
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To each glass jar, a swelling platform was added (Figure 4-3), which consisted of a 

plastic platform in the base of the jar, a plastic mesh upon which the hydrogel rested, and 

a weighted plastic disc to anchor the platform in the jar. To the prepared swelling jar, 90 

mL of buffer was added and allowed to come to 37oC in a heated water bath prior to the 

start of the experiment. The weight of a dried hydrogel disc in both air and heptane was 

recorded, designated as Wa,d and Wh,d, respectively. The dried disc was then placed in the 

pH 3.2 buffer and swelled for 10 minutes at 37oC under gentle agitation. After 10 

minutes, the disc was removed from the buffer, blotted dry with a Kimwipe®, and then 

weighed in both air and heptane. The disc was then added to the pH 3.6 buffer, allowed to 

swell for an additional 10 minutes, removed, blotted dry, and then weighed and recorded. 

This procedure was repeated until the disc had been swollen for 10 minutes in each of the 

ten buffers. Each hydrogel formulation underwent the dynamic swelling procedure in 

triplicate.   

4.2.8 Equilibrium Swelling Studies 

Equilibrium swelling studies were performed to investigate the effect of hydrogel 

composition on its pH-responsive swelling behavior and enable calculate of the physical 

parameters describing the swelling behavior. Hydrogel discs immediately after 

polymerization were weighed in air and heptane, a nonsolvent for hydrogels, in a hanging 

basket apparatus (Figure 4-2). The weights were recorded as Wa,r and Wh,r, respectively. 

The discs were then washed and dried as previously described. Prior to the equilibrium 
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swelling study, the dried discs were weighed in air, Wa,d, and heptane, Wh,d. A 0.1N 

hydrochloric acid (HCl; Fisher Scientific, Waltham, MA) buffer was prepared to 

represent the low pH or gastric swelling conditions. Similarly, a 1X PBS (Fisher 

Scientific, Waltham, MA) solution was prepared to represent the neutral pH, or intestinal, 

swelling. Both buffers were heated to 37oC prior to the commencement of the 

experiment. Hydrogel discs (n=3) were added to either the heated 0.1N HCl or the 1X 

PBS buffer and allowed to swell at 37oC under gentle agitation for 24-72 hours in glass 

jars with swelling platforms added (Figure 4-3). The discs were weighed every hour for 

the first 12 hours, at 24 hours and then every 24 hours thereafter in air and a nonsolvent, 

heptane, for 72 hours. The weights were recorded as Wa,s(t) and Wh,s(t), respectively.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis of P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) Hydrogels 

The synthesis of P((MAA-co-NVP)-g-EG) hydrogels was completed successfully with 

UV-initiated free-radical polymerization. The hydrogels were produced by a 

terpolymerization of MAA, NVP, and PEG at a 2:1:1 molar ratio of hydrogen bonding 

groups (44:22:1 molar feed ratio) crosslinked with 1% TEGDMA, 1% PEGDMA400, 

1.25% TEGDMA and 1.25% PEGDMA400. The hydrogels prepared by the 

aforementioned reactions yielded mechanically robust hydrogels that could be readily 

manipulated. P((MAA-co-NVP)-g-EG) hydrogels with 0.75% TEGDMA and 0.75% 

PEGDMA400 were also synthesized. The 0.75% PEGDMA400 crosslinked hydrogel was 

mechanically robust, could be handled easily, and discs could be punched from the bulk 
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film. However, the 0.75% TEGDMA hydrogel polymerized into a gel but was not 

mechanically robust and could not be manipulated without tearing or sticking to itself. 

While the hydrogel could have been dried and crushed into microparticles for drug 

loading purposes, it was not able to withstand removal from the glass slides and punching 

into discs that was necessary for macroscale swelling analysis.  

 

The failure of the P((MAA-co-NVP)-g-EG) 0.75% TEGDMA hydrogel was originally 

attributed to be due to the steric hindrance caused by the PEG tethers in the backbone 

inhibiting the linking of two polymer chains by the short TEGDMA crosslinking agent. 

However, hydrogels composed of MAA and PEGMMA1000 at a 1:1 ratio with a 0.75 

mol% of TEGDMA have been synthesized successfully [20]. This indicates that the 

presence of the PEG tethers does not appear to have a detrimental effect on the 

mechanical integrity of the hydrogels at a 0.75 mol% TEGDMA crosslinking density. 

Furthermore, P(MAA-co-NVP) hydrogels have been shown to be successfully 

synthesized at low crosslinking densities of shorter crosslinking agents such as ethylene 

glycol dimethacrylate (EGDMA) and peptide crosslinkers [9, 19]. However, the 

combination of the highly hydrophilic NVP, which, when included at higher 

concentrations leads to more fragile hydrogel systems [19, 43, 48], and the PEGMMA, 

which decreases the elastic modulus of the resulting hydrogel systems when incorporated 

at higher ratios [49, 50], most likely resulted in the reduced mechanical integrity of the 

hydrogel and the subsequent failure of the gel.   
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The non-PEGylated P(MAA-co-NVP) hydrogels were successfully synthesized at a 2:1 

MAA:NVP monomer ratio. The resulting hydrogels were mechanically robust at all of 

the tested crosslinking densities and compositions (1% TEGDMA, 1% PEGDMA400, 

1.25% TEGDMA and 1.25% PEGDMA400). 

4.3.2 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained for all 

formulations of P((MAA-co-NVP)-g-EG) hydrogels and shown in Figure 4-4. The broad 

band in the region of 3100-3500 cm-1 can be attributed to hydroxyl groups, with both 

bonded and free hydroxyl groups being represented at 3200 cm-1 and 3640 cm-1, 

respectively [19, 51]. The wide band between 2800 and 3100 cm-1 is most likely due to 

the presence of hydrogen-bonded carboxylic acid dimers [46, 52]. However, within this 

region, several important bands appear. The stretching vibrations due to the hydroxyl 

groups in MAA and PEGMMA appear at 3000 cm-1.  Further stretching vibrations 

emerge at 2985 cm-1 and are attributed to the methyl group (-CH3) of the MAA and 

methyl terminated PEGMMA chain [19, 53]. The band at 2940 cm-1, which has been 

historically credited to the asymmetric C-H stretching mode, is indicative of the presence 

of the methylene group specifically in the ethylene glycol molecule[54]. Its appearance in 

the P((MAA-co-NVP)-g-EG) spectra is due to both the PEGMMA chains as well as the 

PEG based crosslinking agents. The shoulder between 2875 and 2900 cm-1 represents the 

asymmetric and symmetric methylene vibrations from the polymer backbone [53].   
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In the carbonyl-stretching region, the band at 1700 cm-1 represents the carbonyl in the 

carboxylic acid group in the absence of any molecular interactions. The presence of an 

additional band at 1735 cm-1, shifted from its original position of 1700 cm-1, indicates that 

the carboxylic acid carbonyl is engaging in molecular interactions, specifically, hydrogen 

bonding [46, 52, 53]. The shoulder in the 1700-1735 cm-1 region is likely due to the 

presence of the PEG as it is not present in the P(MAA-co-NVP) spectra shown in 

literature [19, 52]. The PVP carbonyl also appears as a shifted band at 1640 cm-1, the 

change in location from 1680 cm-1 again attributed to hydrogen bonding [46, 55, 56]. The 

very small valley at 1470 cm-1, is likely due to the ethers (-O-CH3) present at the methyl-

terminated ends of the PEG tethers.  Also in that region, the band at 1450 cm-1, 

represents the vibrational stretching bands in the 5-membered lactam ring present in the 

NVP [19]. The bands at 1390 cm-1 and 1350 cm-1 are due to in-plane bending of the 

hydroxyl group on the carboxylic acid moieties and the wagging of the methylene groups, 

respectively [53]. At 1290 cm-1 the observed peak is present because of a combination of 

C-N stretching in the lactam ring and CH2 wagging in the PVP [19, 34, 52].  

4.3.3 Thermal Gravimetric Analysis 

Thermal gravimetric analysis was used to investigate the thermal properties of the 

P((MAA-co-NVP)-g-EG) hydrogel system. The TGA traces of formulations with 0.75% 

PEGDMA400, 1% TEGDMA, 1% PEGDMA400, 1.25% TEGDMA and 1.25% 

PEGDMA400 crosslinking lengths and densities are shown in Figure 4-5. All of the 
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formulations, regardless of crosslinking type or density, exhibited similar degradation 

profiles indicating that the mechanism of degradation was the same [52].  

 

In each profile there were three distinct phases of degradation. The first phase has an 

onset of approximately 30oC for all formulations and ceases at 120oC for 0.75% 

PEGDMA400, 150oC for 1% TEGDMA and 1% PEGDMA400, 155oC for 1.25% 

TEGDMA and 160oC for PEGDMA400. This first stage of mass loss resulted in a 6.7-

7.9% loss of original mass and can be attributed primarily to water and short oligomers 

[52, 57]. The second phase of degradation began at 200-203oC for all hydrogel 

formulations and ended between 310oC and 320oC and resulted in a mass loss of 6.8-

7.5%. This second stage of mass loss is due to the release of water and carbon dioxide 

from a combination of anhydride formation and decarboxylation of carboxylic acid 

groups in the polymer [52, 57-59]. The onset of the final stage of degradation occurred 

between 302oC and 320oC and caused between 71 and 76% additional mass loss. The 

most significant decrease in mass captures the decomposition of the polymer backbone, 

the decomposition of PVP, which degrades at ~380oC as a homopolymer, and PEG 

which, when stabilized in a copolymer, also degrades at ~380oC [59, 60]. The very slight 

differences in the onset of the degradation phases does not appear to have any 

relationship with the crosslinking density or type, but could instead be indicative of either 

slight variation in sample runs or instability due to intermolecular bonding. Interestingly, 

the onset of the final degradation was shifted to a higher temperature in the P((MAA-co-
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NVP)-g-EG) hydrogel as compared to the PMAA, PVP, and PEG homopolymers, which 

suggests that the terpolymerization increases the stability of the final polymer [52, 59].  

 

In addition to probing the differences between P((MAA-co-NVP)-g-EG) formulations 

with different crosslinking type and density, TGA was used to investigate the differences 

in the thermal properties between different MAA based hydrogels. Specifically, thermal 

traces for P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) with identical 

crosslinking type and density, 0.75% PEGDMA400, were captured and displayed in 

Figures 4-6. All the TGA traces exhibited similar trends indicating the hydrogel 

underwent the same degradation mechanisms but with drastically different temperatures 

of onset. For the first stage of degradation, the onset temperature of 30oC was consistent 

between all formulations. However, the stabilization, or cessation, of this first stage was 

at 120oC for P(MAA-g-EG) and P((MAA-co-NVP)-g-EG) but 142oC for P(MAA-co-

NVP).  The increased temperature required for stabilization in P(MAA-co-NVP) could be 

attributed to an increased water content as it lost 9.6% of its mass in this stage compared 

to 6.5 and 7.7% for the P((MAA-co-NVP)-g-EG) and P(MAA-g-EG), respectively.  

 

The onset of the second stage of degradation ranged from 194oC for P((MAA-co-NVP)-

g-EG) to 197oC for P(MAA-g-EG) to 208oC for P(MAA-co-NVP). The discrepancy 

between onset temperatures and the variations in mass loss (7.1-8.1%) could be due to 

varying MAA content or due to the presence and disruption of interpolymer complexes 

that also vary between compositions. The final stage of degradation began at 297oC for 
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P(MAA-g-EG), 308oC for P((MAA-co-NVP)-g-EG) and 320oC for P(MAA-co-NVP) 

resulted in 61-77% mass loss. The temperature of onset varies between formulation and is 

lower for PEG-containing gels as compared to the P(MAA-co-NVP) hydrogel. This 

decrease in degradation onset temperature could be attributed to PEG not being as stable 

as MAA or NVP. Additionally, it could also be a result of the different type and amount 

of interpolymer complexes between PEG-containing versus non-PEG-containing 

hydrogels. Specifically, the hydrogen bonding between the carbonyl of the NVP 

molecule to the hydrogen in the hydroxyl group of the MAA molecule is stronger and 

more stable than that of the hydrogen bonding between the ether oxygens in PEG to the 

hydroxyl group hydrogen in the MAA molecule [47].  

4.3.4 Potentiometric Titration 

In P((MAA-co-NVP)-g-EG) hydrogels, potentiometric titration was used to measure the 

amount of MAA present in the terpolymer after polymerization (theoretical and 

experimental considerations detailed in Appendix C). The polymer solutions were titrated 

with a known amount of strong base, 0.2 N NaOH, in the presence of sodium chloride. At 

the equivalence point, the number of moles of the titrant is equal to the number of moles 

of the ionizable groups in the polymer. As both NVP and PEGMMA have no cationic or 

anionic activity the only ionizable group in the polymer backbone is contributed by the 

MAA [35, 43, 61]. The P((MAA-co-NVP)-g-EG) hydrogels were determined to have 

MAA contents between 47-55% as shown in Table 4-2. The incorporated amount of 

MAA is approximately 85-90% of the MAA added in the feed. As the molar feed ratios 
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are not changed between the different P((MAA-co-NVP)-g-EG) hydrogel formulations, 

one would not expect to observe a significant difference in MAA incorporation. The 

remaining composition of the polymer is a blend of NVP and PEGMMA. Although the 

exact values have not been determined, the hydrogel will be overwhelmingly composed 

of MAA and NVP due to the molar feed ratios (44:22:1 MAA:NVP:PEGMMA) heavily 

favoring MAA and NVP incorporation. PEG is still included in the hydrogel as evidenced 

by the FTIR spectra and TGA curves. Additionally, P((MAA-co-NVP)-g-EG) behave 

very differently from P(MAA-co-NVP) hydrogels in their swelling behavior, which will 

be discussed in section 4.3.7.  

4.3.5 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to investigate the surface morphology of 

the P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogels after synthesis and 

crushing into microparticles. The SEM micrographs are shown in Figure 4-7. All of the 

formulations exhibit a similar irregular morphology with regions of smooth planar 

features and regions with a rougher topography. The irregularity can be attributed to the 

crushing method employed during microparticle processing. The sieving of the 

microparticles bounded their size between 30 to 45 μm in at least 2 dimensions; however, 

the microparticle population is still highly polydisperse due to the lack of size and shape 

control in the crushing and sieving process [52]. There are no distinguishable differences 

in microparticle morphology between P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) 

hydrogel formulations. Additionally, the variation of crosslinking density and crosslinker 
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length also appeared to have no significant impact on overall microparticle shape and 

morphology.  

 

The polydispersity and surface morphology of the microparticles can have a significant 

impact on the drug loading and delivery capabilities. The characteristic time for transport 

by diffusion is directly related to the length over which the drug needs to diffuse, in this 

case the microparticle size, as shown in Equation 4-1.  

 

𝑡 =    !!
!

!
           (Equation 4-1) 

 

where t is the time for transport by diffusion, D is the diffusion coefficient of the drug in 

the polymer, and l0 is the diameter of the microparticle. By selecting a representative 

diffusion coefficient of water in a polymer, D ~ 10-6 cm2/s, varying the microparticle 

diameter from 30-100 μm will increase the average time of diffusion from ~9 to ~100 

seconds. This very rough calculation does not take into consideration either the tortuosity 

or porosity of the microparticle, but still demonstrates how significantly particle size can 

affect the drug loading and release characteristics of these hydrogel systems [62]. 

Furthermore, the morphology and overall shape of the hydrogel microparticle can have 

implications for drug delivery and interaction with the mucosal surfaces it encounters 

during transit through the gastrointestinal tract [63-65]. Notably, the irregular 

morphology increases the overall surface area, which improves drug loading and release 

[64, 65]. The smooth planar features exhibited by the P(MAA-co-NVP) and P((MAA-co-
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NVP)-g-EG) microparticles have been shown, when present in other microparticle 

systems, to enhance the adherence of the microparticle to the mucosal surface of the 

gastrointestinal tract and improve drug transport across the intestinal epithelial layer [65].  

4.3.6 Turbidimetric Analysis of pH-Responsive Hydrogel Swelling 

The pH-responsive swelling behavior of the P((MAA-co-NVP)-g-EG) and P(MAA-co-

NVP) hydrogel systems were analyzed on the microscale using a kinetic turbidimetric 

analysis. Turbidity has been commonly used to investigate the temperature-mediated 

swelling and collapse of thermoresponsive polymer systems based upon both poly(N-

isopropylacrylamide) [66, 67] and polyacrylamide [68], as well as polymer degradation 

kinetics by light-triggered [69] and enzymatically-triggered mechanisms [9]. Turbidity 

can be described in Equation 4-2 as described by Lechner [70]  

 

𝜏 = !!!!"#
!!

         (Equation 4-2) 

 

where τ is turbidity, φ is the volume fraction of the particles, Qext is the Mie extinction 

coefficient, and d is the particle diameter. The volume fraction of particles, φ, can be also 

be expressed as a function of the mass concentration of particles, c, and the density of the 

particles, ρ, as shown in Equation 4-3 below.  

 

𝜑 = !
!
           (Equation 4-3) 
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By substituting equation 4-3 into equation 4-1, the following expression for turbidity is 

obtained:  

 

𝜏 = !!!!"#
!!"

         (Equation 4-4) 

 

The Mie extinction coefficient, Qext, is a function of particle diameter, d, and the ratio 

between the refractive index of the sample, np, to the refractive index of the pure solvent, 

n0, i.e. 𝑄!"#(
!!
!!
,𝑑). As either the diameter of particle, d, or the ratio np/n0 decreases, Qext, 

and subsequently the turbidity, τ, will also decrease. It was, therefore, hypothesized that 

as the hydrogel microparticles imbibe the surrounding medium and swell in response to 

increasing pH, the refractive index mismatch between the particles and the solvent would 

decrease, the ratio np/n0 would decrease, and, subsequently, the overall turbidity of the 

solution would decrease as well. The turbidity would continue to decrease until the 

hydrogel reached equilibrium swelling, where it would then remain constant. The rate at 

which the turbidity decreased and plateaued could then be correlated to the rate of the 

onset of swelling and the length of time required to reach equilibrium on the microscale.  

  

Turbidity, τ(t), is traditionally defined as the ratio of the intensity of transmitted light 

through the sample of interest (IT) to the intensity of transmitted light through the pure 

solvent (I0). The equation thus follows:  
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𝜏 𝑡 =   − ln 𝐼! 𝐼!                  (Equation 4-5) 

 

By substituting the following relationship, 

 

𝐼 = 10!!!                   (Equation 4-6) 

 

into equation 4-5, it allows for the expression turbidity as a function of the absorbance of 

the sample at time, t, and is readily calculated with raw absorbance values as described 

below:  

 

𝜏 𝑡 = ln 10 𝐴(𝑡)− 𝐴!                 (Equation 4-7) 

 

where A(t) is the absorbance of the sample at time t and A0 is the absorbance of the pure 

solvent. The relative turbidity is then a ratio of the turbidity at time t to the turbidity at 

time 0 and can be written as follows,  

 

𝜏!"# =
!(!)

!(!!!)
                   (Equation 4-8) 

 

The turbidity of P((MAA-co-NVP)-g-EG) 0.75% PEGDMA400, 1% TEGDMA, 1% 

PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 hydrogel microparticles 

(>45 μm) at a 5 mg/mL concentration were evaluated. Figure 4-8 shows that all 
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formulations reach stable turbidity values after 20-40 minutes of exposure to swelling 

conditions, indicating that the particles have reached equilibrium swelling. While the 

onset of equilibrium swelling is slightly longer than the theoretically calculated values 

shown in section 4.3.5 and previously discussed in the dissertation of Daniel Carr [44], 

the microparticles would still reach equilibrium well within the absorptive window of the 

upper small intestine and can deliver their payload therein [71]. The differences between 

crosslinking density and length were difficult to discern using this technique as any subtle 

differences were most likely masked due to the polydispersity of the microparticle 

samples.    

4.3.7 Dynamic Swelling Studies 

The incorporation of various monomers can have a significant impact on the 

thermodynamic properties, solubility and interfacial behavior [72]. The introduction of 

PEG tethers provided notable changes in the FTIR spectra and TGA curves. In order to 

be relevant as a pH-responsive delivery vehicle, it was critical to also investigate the 

effect on the hydrogel swelling behavior.  

 

Dynamic swelling studies were performed to investigate the effects of crosslinking length 

and density and monomer composition on the pH-mediated swelling behavior of the 

P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels. The studies were performed 

over a range of physiologically relevant buffers to simulate the transit of the hydrogel 

from the acidic environment of the stomach into the neutral environment of the intestine. 
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The swelling response was measured as a ratio of the swollen to dry weight of the 

hydrogel disc (Equation 4-9) as a function of pH and time.  

 

𝑞 =    !!
!!

                   (Equation 4-9) 

 

where Ws is the swollen weight of the hydrogel disc after it has been exposed to buffer 

and Wd is the dry weight of the hydrogel disc. The discs were exposed to each buffer for 

10 minutes before being weighed and placed into the next buffer.  

 

The first dynamic swelling study looked at the behavior of P(MAA-co-NVP) and 

P((MAA-co-NVP)-g-EG) hydrogels crosslinked with either 1% TEGDMA or 1% 

PEGDMA400. The resulting swelling curves are shown in Figure 4-9. All curves share a 

flat, horizontal region from 3.2-4.8, with weight swelling ratios close to 1, which 

indicates minimal-to-no swelling. This region corresponds with the pH range in which 

complexation occurs due to the protonation of the MAA below its pKa (~4.8) [18, 19]. 

There is no significant difference between the weight swelling ratios of P(MAA-co-NVP) 

and P((MAA-co-NVP)-g-EG) in this region, showing that the incorporation of PEG did 

not appear to have an effect on the integrity of the complexation. Any slight increase in 

weight swelling ratio above 1 in this region can be attributed to some initial surface 

hydration that occurs upon the introduction of the dried hydrogel disc to a liquid 

environment [73]. Once the pH increases above the pKa of MAA, all of the polymer 

formulations begin to swell. The hydrogels containing PEG had a faster rate of swelling 
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compared to the non-PEG containing hydrogels, attaining weight swelling values of q = 

3.04 for 1% TEGDMA and q = 2.27 for 1% PEGDMA400, compared to values of q = 

1.77 for 1% TEGDMA and q = 1.51 for 1% PEGDMA400 for the non-PEG containing 

gels. The improved swelling rate is likely due to increased hydrophilicity of the hydrogel 

with PEG tethers and its ability to enhance the rate of water influx into copolymer 

matrices [45].  The addition of PEG tethers, while a simple modification, has significant 

effects on the swelling capabilities of the polymer and implications for drug delivery 

applications.  

 

An additional dynamic swelling study was performed to elucidate the effects of 

crosslinking length and density on the swelling of P((MAA-co-NVP)-g-EG) hydrogels. 

Figure 4-10 shows the swelling curves of the P((MAA-co-NVP)-g-EG) hydrogels 

prepared with 1% TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, and 1.25% 

PEGDMA400 crosslinking and density. At and below a pH of 4.8, the hydrogels exhibit 

minimal-to-no swelling, which indicates that interpolymer complexes are present and 

maintaining the hydrogel in the collapsed state. As the pH of the buffer system is 

increased above 4.8, swelling occurs in all of the formulations. In both the TEGDMA and 

PEGDMA400 crosslinked hydrogels, the 1% crosslinking density formulations swell to a 

slightly greater extent than the 1.25% crosslinked formulations. This trend of increasing 

crosslinking density resulting in decreased swelling capacity matches with published 

results and is attributed to the increased density of crosslinks constraining the hydrogel as 

it swells and limited water diffusion into the matrix [74]. Interestingly, in the dynamic 
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studies, the TEGDMA crosslinked hydrogels swell more rapidly than the PEGDMA400 

crosslinked hydrogels. This observed rate of swelling in the dynamic studies is in direct 

opposition to equilibrium swelling studies that show that increasing the crosslinking 

length should increase the overall swelling capacity of the hydrogels [19]. The different 

between the dynamic and equilibrium results is most likely attributed to the increased 

hydration time and entropic ordering of water molecules required to hydrate and extend 

the longer PEGDMA400 chains within the structured internal environment of the 

hydrogel [75]. This trend is particularly apparent on the short time scale of the dynamic 

swelling studies.  

4.3.8 Equilibrium Swelling Studies 

Hydrogels discs were swollen at intestinal and gastric conditions until reaching 

equilibrium. The swelling behavior was then analyzed with the equations described in 

Appendix D. Figures 4-11 and 4-12 show the volume swelling ratio, Q,  and polymer 

volume fraction, v2,s,  for the P((MAA-co-NVP)-g-EG) hydrogels crosslinked with either 

TEGDMA or PEDGMA400 at 1, or 1.25 mol% of total monomer content.  

 

All hydrogel formulations show little-to-no volume swelling at gastric conditions. The 

presence of hydrogen bonding complexes between the protonated carboxylic acid of 

MAA and the carbonyl on the lactam ring of the NVP and the etheric oxygens in the PEG 

chain maintain the hydrogel in its collapsed state below the pKa of MAA (4.8-4.9) [18, 

19]. The monomer ratio of 44:22:1, or a 2:1:1 ratio of the hydrogen bonding groups, was 
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selected as a 2:1 ratio of MAA:NVP in P(MAA-co-NVP) hydrogel systems provided the 

most substantial complexation at pH values less than pKaMAA and ensured a decrease in 

protein released at gastric conditions [5, 19].  

 

In contrast, the hydrogel discs exposed to intestinal conditions showed at least an order of 

magnitude increase in volume swelling ratios, Q. As the volume swelling ratio increased, 

the polymer volume fraction, v2,s, decreased as more of the volume is occupied by 

imbibed water. As shown in Figure 4-11 and 4-12, crosslinking length and density have a 

clear effect on the swelling parameters, Q and v2,s. Specifically, as the crosslinking 

density is increased, the final equilibrium volume swelling decreases (Q1T =36, Q1T=31) 

and the v2,s increases (v2,s,1T=0.028, v2,s,125T=0.03). Similarly, the v2,s value decreases 

with increasing crosslinking density. This result is most likely due to the increased 

crosslinking density constraining the polymer chains to a greater degree yielding a 

reduced mesh size and decreasing water diffusion into the polymer. Unfortunately, 

increasing the crosslinking length caused the hydrogel discs (1% PEGDMA400, and 

1.25% PEGDMA400) to rupture, which most likely caused by internal stress buildup in 

the hydrogel during the polymerization and drying processes. Upon rupturing, the varied 

size of the remaining pieces made collection challenging and renders consistent weight 

measurements difficult to complete. The reported Q and v2,s values in Figures 4-11 and 

4-12 for 1% PEGDMA400 and 1.25% PEGDMA400 were obtained by collecting as 

many of the pieces as possible, which shows a similar decrease in Q and increase in v2,s 

with increasing crosslinking density (Q1P=27 > Q125P=16, v2,s1P=0.04 < v2,s125P=0.068). 
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However, the swelling ratios for the 1% TEGDMA were greater than 1% PEGDMA, 

which was unexpected and not in agreement with the previous reports which show that 

increasing crosslinking length increases the swelling capacity of both P(MAA-co-NVP) 

and P(MAA-g-EG) hydrogels [19, 76].  This is likely due to some mass loss and 

inconsistent weighing. Furthermore, the kinetics of swelling change dramatically with 

size and, so while the final equilibrium volume swelling ratios should be the same 

throughout the formulation, the inconsistency in size could still yield these unexpected 

results. Visual inspection, however, confirms that significant hydrogel swelling occurs, 

although quantitative measurements in these particular cases are not possible.   

 

The volume swelling ratios, Q, and polymer volume fraction, v2,s, of P(MAA-co-NVP) 

and P((MAA-co-NVP)-g-EG) hydrogel formulations are shown in Figures 4-13 and 4-14. 

These formulations were crosslinked with either 1% TEGDMA, 1% PEGMDA400, 

1.25% TEGDMA or 1.25% PEGDMA400. The trends exhibited in the dynamic swelling 

studies are maintained in the equilibrium studies, where the inclusion of hydrophilic PEG 

tethers into the hydrogel network result in an increased swelling capacity of the hydrogel 

systems. The trends of increasing crosslinking length were maintained between the PEG 

tether-containing and non-PEG-tether-containing hydrogels, where increasing crosslinker 

length resulted in increased volume swelling ratio and decreased polymer volume 

fraction.  
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From the hydrogels that remained intact during equilibrium swelling, the mesh size was 

calculated using the equations described in Appendix D. The resulting mesh sizes of the 

P((MAA-co-NVP)-g-EG) hydrogels are shown in Figure 4-15 and range from 320 Å to 

680 Å and the corresponding size trended with the measured v2,s values. When comparing 

the mesh sizes of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP), the mesh sizes 

correspond with the swelling ratios where incorporation of PEG increases swelling and 

corresponding mesh size. The mesh sizes are an order of magnitude larger than the 

hydrodynamic radius of the therapeutic proteins of interest (insulin = 18-19 Å [77],  hGH 

= 25-26 Å [78], and ovalbumin = 31-32 Å [78]). This is promising for the loading of the 

therapeutic proteins into the hydrogel for drug delivery.  

4.4 CONCLUSIONS 

A novel family of hydrogels composed of MAA, NVP, and PEGMMA1000 were 

successfully synthesized with varying crosslinker lengths and densities of 0.75, 1 or 

1.25% TEGDMA or PEGDMA400. The resulting hydrogel formulations were 

characterized with FTIR, which verified the incorporation of the monomer species into 

the polymer backbone and the shifting of several critical peaks confirmed the presence of 

hydrogen bonding. The amount of MAA incorporation was quantified using 

potentiometric titration and aligned with theorized values. TGA studies provided insight 

into the thermal integrity of the hydrogel, which showed changes in onset and extent of 

mass loss due to the presence or absence of PEG. SEM micrographs showed a 

polydisperse population of microparticles with irregular planar morphology. 
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The pH-responsive behavior of the P((MAA-co-NVP)-g-EG) hydrogels was confirmed 

with turbidity measurements and both dynamic and equilibrium swelling studies. 

Turbidity was able capture the kinetics of swelling on the microscale. When exposed to 

the 1X PBS buffer, the hydrogel microparticles experience swelling within 20-30 

minutes. The dynamic and equilibrium swelling studies provided insights into the effect 

of polymer composition and crosslinking length and density. In dynamic studies, the 

hydrogels remained collapsed at pH values less than the pKa of MAA. Upon swelling, 

P((MAA-co-NVP)-g-EG) hydrogels exhibited greater swelling than their P(MAA-co-

NVP) counterparts. Increased swelling had an inverse relationship with crosslinking 

density. In the dynamic studies, TEGDMA gels swelled to a greater extent than 

PEGDMA400 gels due to hydration and entropic effects. In equilibrium swelling, the 

final volume polymer ratio increased due to PEG incorporation, increased crosslinker 

length, and decreased crosslinking density. All P((MAA-co-NVP)-g-EG) hydrogel 

formulations exhibited significant swelling at neutral conditions and opened pores in the 

matrix large enough to accommodate protein loading and release for drug delivery.    



96 

4.5 FIGURES  

Table 4-1. Table detailing the synthesized hydrogel formulations.  

Designation 

 
 
 

Monomer Composition  
(ratio of hydrogel  
bonding groups) 

Crosslinking Agent and 
Density Stable? 

 MAA NVP PEGMMA TEGDMA PEGDMA
400  

P((MAA-co-NVP)-g-EG) 
0.75% TEGDMA  2 1 1 0.75%  No 

P((MAA-co-NVP)-g-EG) 
0.75% PEGDMA400  2 1 1  0.75% Yes 

P((MAA-co-NVP)-g-EG) 
1% TEGDMA  2 1 1 1%  Yes 

P((MAA-co-NVP)-g-EG) 
1% PEGDMA400  2 1 1  1% Yes 

P((MAA-co-NVP)-g-EG) 
1.25% TEGDMA  2 1 1 1.25%  Yes 

P((MAA-co-NVP)-g-EG) 
1.25% PEGDMA400  2 1 1  1.25% Yes 

P(MAA-co-NVP) 
0.75% PEGDMA400  2 1   0.75% Yes 

P(MAA-co-NVP) 
1% TEGDMA  2 1  1  Yes 

P(MAA-co-NVP) 
1% PEGDMA400  2 1   1 Yes 

P(MAA-co-NVP) 
1.25% TEGDMA  2 1  1.25  Yes 

P(MAA-co-NVP) 
1.25% PEGDMA400  2 1   1.25 Yes 

 
 

 

 

  



97 

 

 

Figure 4-1. Monomers, crosslinking agent, and UV initiator used to synthesize P(MAA-
co-NVP) and P((MAA-co-NVP)-g-EG) hydrogels. 

 
  

Monomers 

Methacrylic Acid N-vinyl 
pyrrolidone 

Poly(ethylene glycol) 1000 monomethyl 
ether monomethacrylate  

22 

Crosslinking agents  

4 

Tetraethylene glycol dimethacrylate  

9 

Poly(ethylene glycol) 400 dimethacrylate  

UV Initiator  

Irgacure® 184 
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Figure 4-2. Hanging basket apparatus for the measurement of polymer volume fraction 
(v2,s) in hydrogel discs swollen to equilibrium. Discs can be weighed in both air and 
heptane (a nonsolvent) on an elevated platform that does not include the weight of the 
heptane or beaker.  

  

Pan for air measurements 

Pan for heptane 
measurements 

Beaker with heptane 

Balance 

Beaker stand 
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Figure 4-3.  Exploded view of the swelling jars used for the dynamic and equilibrium 
swelling studies. Heated buffer was added to the swelling jars and the discs were placed 
on the mesh platform. Hydrogel discs were incubated in a 37oC shaking water bath and 
were exposed to reciprocal motion for the duration of the experiment.   

Lid  

Weighted ring 

Mesh platform 
for disc 

Plastic risers to 
promote fluid 
circulation above 
and below disc  

Swelling jar  
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Figure 4-4. FTIR spectra of crosslinked P((MAA-co-NVP)-g-EG) hydrogels pressed in 
potassium bromide disc. Hydrogels are crosslinked with either 0.75% PEGDMA400, 1% 
TEGDMA, 1% PEGDMA400, 1.25% TEGDMA or 1.25% PEGDMA400.    
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Figure 4-5. TGA traces of all P((MAA-co-NVP)-g-EG) hydrogel formulations overlaid 
on the same plot.  
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Figure 4-6. TGA traces of P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-
EG) formulations all synthesized with PEGDM400 crosslinking agent at a 0.75% 
crosslinking density.  
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Table 4-2.  The methacrylic acid composition of synthesized P((MAA-co-NVP)-g-EG) 
terpolymer as determined by potentiometric titration.  

  

Formulation % MAA (mol/mg) % NVP/PEG (mol/mg) 
P((MAA-co-NVP)-g-EG) 

0.75% PEGDMA400 58 42 

P((MAA-co-NVP)-g-EG) 
1% TEGDMA 51 49 

P((MAA-co-NVP)-g-EG) 
1% PEGDMA400 47 53 

P((MAA-co-NVP)-g-EG) 
1.25% TEGDMA 55 45 

P((MAA-co-NVP)-g-EG) 
1.25% PEGDMA400 56 44 



104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7. Representative SEM micrographs of the P((MAA-co-NVP)-g-EG) and 
P(MAA-co-NVP) hydrogels sieved to a 30-45 μm diameter. 500X magnification: 100 μm 
scale bar. 2000X/5000X magnification: 10 μm scale bar.  
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Figure 4-8. Relative turbidity of P((MAA-co-NVP)-g-EG) hydrogel microparticle 
formulations prepared at a 5 mg/mL concentration in 1X phosphate buffered saline (37oC, 
pH 7.4, n=3 +/- S.D.). Absorbance readings were measured at a wavelength of 500 nm 
for 60 minutes.   
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Figure 4-9.  Weight swelling ratio, q, of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 
hydrogels exposed to dynamic changes in pH. Hydrogels were swollen in DMGA buffers 
adjusted to the appropriate pH and heated to 37oC (n=3 +/- S.D.).  
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Figure 4-10. Weight swelling ratios, q, of P((MAA-co-NVP)-g-EG) hydrogel discs 
exposed to dynamic changes in pH. Hydrogels were swollen in DMGA buffers at 
representative pH values at 37oC (n=3 +/- S.D.). 
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Figure 4-11. Volume swelling ratios, Q, of P((MAA-co-NVP)-g-EG) hydrogels 
crosslinked with 0.75% PEGDMA400, 1% TEGDMA, 1% PEGDMA400, 1.25% 
TEGDMA and 1.25% PEGDMA400 exposed to either (top) simulated gastric (pH 1.24) 
or (bottom) intestinal (pH 7.4) conditions for 72 hours and then weighed in air and 
heptane. (n=3 +/- S.D.).   
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Figure 4-12. Polymer volume fraction, v2,s, of P((MAA-co-NVP)-g-EG) hydrogels 
crosslinked with 0.75% PEGDMA400, 1% TEGDMA, 1% PEGDMA400, 1.25% 
TEGDMA and 1.25% PEGDMA400 exposed to either (top) simulated gastric (pH 1.24) 
or (bottom) intestinal (pH 7.4) conditions for 72 hours and then weighed in air and 
heptane. (n=3 +/- S.D.).  
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Figure 4-13. Volume swelling ratios, Q, of P((MAA-co-NVP)-g-EG) and P(MAA-co-
NVP) hydrogels crosslinked with either 1% TEGDMA or 1% PEGDMA400 exposed to 
either simulated gastric (pH 1.24) or intestinal (pH 7.4) conditions for 72 hours and then 
weighed in air and heptane. (n=3 +/- S.D.).  
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Figure 4-14. Polymer volume fraction, v2,s, of of P((MAA-co-NVP)-g-EG) and P(MAA-
co-NVP) hydrogels crosslinked with either 1% TEGDMA or 1% PEGDMA400 exposed 
to either simulated gastric (pH 1.24) or intestinal (pH 7.4) conditions for 72 hours and 
then weighed in air and heptane. (n=3 +/- S.D.).  
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Figure 4-15. Calculated mesh size, ξ, for all hydrogel formulations that remained intact 
during the equilibrium swelling process, P((MAA-co-NVP)-g-EG) crosslinked with 
0.75% PEGDMA400 and 1% TEGDMA, and P(MAA-co-NVP) crosslinked with 1% 
TEGDMA and 1% PEGDMA400. (n=3 +/- S.D.).  
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Chapter 5: Loading and Release of Model Protein Therapeutics from 
P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) Hydrogels 

 

5.1 INTRODUCTION  

 
In this work, terpolymers composed of methacrylic acid, N-vinyl pyrrolidone and 

poly(ethylene glycol), henceforth designated as P((MAA-co-NVP)-g-EG) were designed 

and developed for use as delivery vehicles for oral protein delivery. In the previous 

chapter, the molecular structure, thermal properties, and composition of these terpolymer 

species were evaluated. The complexation behavior, and pH-sensitivity, of the hydrogels 

were confirmed and characterized, which showed that carriers on both the macro- and 

microscale remain collapsed and complexed at gastric pH and then swell at intestinal pH. 

Additionally, the analysis of the mesh sizes verified that the hydrogel matrix, upon 

swelling, has pores large enough to permit drug diffusion into the hydrogel.  

 

The capability of the P((MAA-co-NVP)-g-EG) hydrogel system to undergo drug 

partitioning was analyzed and optimized using three model protein therapeutics of 

varying size and isoelectric point to elucidate the effect of molecular weight based or 

charges in the loading potential of P((MAA-co-NVP)-g-EG) hydrogels synthesized with 

varying crosslinking lengths and densities. Insulin was chosen as a model protein 

therapeutic due to its small size (5.8 kDa), low isoelectric point (pI 5.3) and its substantial 

therapeutic relevance, being used to maintain blood glucose levels for millions of patients 

living with Type 1 and Type 2 diabetes [1, 2]. Porcine growth hormone (pGH), is the 
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porcine variant of growth hormone, and was selected due to its larger size (22 kDa) and 

higher isoelectric point (pI 6.2) [3, 4]. It served as a size and structural model for the 

human variant of growth hormone (hGH) during hydrogel and loading methods 

development. Finally, ovalbumin, a protein typically used as a model antigen for vaccine 

development, was selected due to its larger molecular weight (45 kDa), reduced capacity 

for agglomeration (as compared to bovine serum albumin) and low isoelectric point (pI 

4.5) [5-7].  

 

The selected model proteins and their measured loading capacities at varying loading 

conditions, i.e. pH and ionic strength, were then used to select ideal loading parameters 

for the loading of the model therapeutic protein of interest, human growth hormone. 

Human growth hormone is a 22 kDa protein with an isoelectric point of 4.8, which is 

synthesized in the anterior pituitary and exerts effects on growth, metabolism, and sexual 

maturation [8, 9]. If deficient, malformed, or absent, it can result in short stature, delayed 

onset of puberty, decreased lean muscle mass, decreased bone density, and a host of 

psychological effects [10]. It can be used to treat a variety of disorders ranging from 

growth hormone deficiency to idiopathic short stature syndrome, Prader-Willi syndrome 

and Turner’s syndrome, as well as to pre-pubertal cancer patients with deficient growth 

and those with chronic renal failure [10]. Due to its large size and limited stability, it has 

been demonstrated to have reduced bioavailability when orally administered as compared 

to when it is administered via subcutaneous injection [11]. This increase in protein size 

could also affect its loading and release potential from P((MAA-co-NVP)-g-EG) 
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hydrogels and was, therefore, investigated and compared to growth hormone loading and 

release in previously developed P(MAA-co-NVP) hydrogel systems [12].  

5.2 MATERIALS METHODS  

5.2.1 Optimization of P((MAA-co-NVP)-g-EG) Hydrogel Loading using Model 

Proteins: Insulin, Porcine Growth Hormone, and Ovalbumin   

While the release conditions of protein therapeutics from orally administered hydrogel 

microparticles are bounded by the physiological limitations of the gastrointestinal tract, 

the loading conditions can be tightly controlled. By modifying the pH of loading, the 

ionic strength, and the duration, the efficiency of loading can be similarly adjusted. In 

addition to the loading parameters, the size, shape, and isoelectric point of the protein of 

interest can have a significant effect on the loading capacity of these anionically charged 

hydrogel microparticles. In the following loading studies, multiple parameters of loading, 

namely pH and ionic strength, were adjusted and their effects on protein loading assessed 

for three model proteins: insulin, porcine growth hormone, and ovalbumin.  

5.2.1.1 Loading Condition #1 – 1X PBS 

The first loading conditions investigated were completed in a 1X phosphate buffered 

saline solution with an ionic strength of ~100 mM. Insulin (Sigma Aldrich, St. Louis, 

MO) and ovalbumin (Sigma Aldrich, St. Louis, MO) solutions were prepared at 0.5 

mg/mL concentration in 1X PBS. Porcine growth hormone (pGH, Sigma-Aldrich, St. 

Louis, MO) was reconstituted at 0.5 mg/mL in a DI water solution with 0.0167% 1N 

NaOH (Fisher Scientific, Waltham, MA). Ten milligrams of the 1% TEGDMA, 1% 
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PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 P((MAA-co-NVP)-g-EG) 

hydrogel microparticles, 30-45 μm in diameter, were added to 2 mL low adhesion 

microcentrifuge tubes. Two milliliters of protein solution were added to the 

microparticles to achieve a final microparticle concentration of 5 mg/mL. The hydrogels 

and protein solution were incubated for 24 hours at 37oC under rotation or gentle 

agitation. Two additional milliliters of insulin, pGH, or ovalbumin solution were also 

prepared to serve as a control and for standards preparation.  

 

After the 24-hour loading period, the tubes were removed from agitation and the particles 

were allowed to settle while being maintained at 37oC. A sample of 0.2-0.5 mL was 

collected, with special care being taken to not aspirate the settled particles. To collapse 

the particles, 0.2 mL of 1N HCl was added and the tube was vortexed briefly to ensure 

the acid was evenly distributed throughout the tube. The collapsed particles were 

collected with vacuum filtration using an Erlenmeyer flask, Buchner funnel, and 

Whatman quantitative-grade 50 filter paper (Whatman, Maidstone, UK). A second 

sample was taken after particle collapse and collection. Finally, the collapsed and 

collected particles were washed with DI water while still on the filter paper. The washed 

particles were then flash frozen in liquid nitrogen, lyophilized, and then kept at -20oC 

until further use. The loading results were analyzed with a microBCA assay (Thermo 

Fisher Scientific, Waltham, MA).   
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5.2.1.2 Loading Condition #2 – pH 7.3-7.4, 1X PBS 

The second loading condition investigated sought to control both the pH and ionic 

strength of the loading solution. A 0.667 mg/mL insulin, pGH or ovalbumin solution was 

prepared by dissolving the lyophilized proteins in a 13.33% 10X PBS, 2.67% 1N NaOH, 

and 84% DI water solution. To each 2 mL microcentrifuge tube, 10 mg of either 1% 

TEGDMA, 1% PEGDMA400, 1.25% TEDGMA or 1.25% PEGDMA400 P((MAA-co-

NVP)-g-EG) hydrogel microparticles (30-45 μm diameter) and 1.5 mL of protein solution 

were added.  

 

The protein/particle solutions were brought to 37oC under gentle agitation and allowed to 

incubate for 30 minutes. After this incubation period, the pH was measured with a 

Mettler Toledo SevenEasyTM (Colombus, OH) pH probe. The pH of the solution was 

adjusted to a value of 7.3 – 7.4 using either 1N NaOH or 1N HCl. After the desired pH 

value was achieved, the solution was then brought up to 2 mL total volume with DI 

water. The solutions were then incubated at 37oC for 24 hours under gentle agitation. The 

collapsing and collection procedure was completed as described above.  

5.2.1.3 Loading Condition #3 – pH 7.3-7.4, 10 mM Sodium Phosphate  

The third condition maintained pH control but reduced the ionic strength by ten-fold to 

10 mM by using a sodium phosphate buffer (pH 8.0). The reduced ionic strength protein 

solution was prepared by dissolving insulin, pGH, or ovalbumin, into a 13.33% 100 mM 

sodium phosphate buffer, 2.67% 1N NaOH, and 84% DI water to achieve a final 
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concentration of 0.667 mg/mL. To each microcentrifuge tube, 10 mg of either 1% 

TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, 1.25% PEGDMA400 P((MAA-co-

NVP)-g-EG) hydrogel microparticles (30-45 μm diameter) and 1.5 mL of protein solution 

were added.  

 

As described above, the protein/particle solutions were brought to 37oC under agitation 

and incubated for 30 minutes. After this incubation period, the pH was measured and then 

adjusted by the addition of 1N HCL or NaOH to reach a value of 7.3-7.4. The total 

volume was brought up to 2 mL with DI water. The solutions were then incubated at 

37oC for 24 hours under gentle agitation. The collapsing and collection procedure was 

completed as described above.  

5.2.1.4 Loading Condition #4 – pH 7.3-7.4, 1 mM Sodium Phosphate  

The final condition investigated maintained pH control but reduced the ionic strength by 

a further ten-fold to 1 mM by using a sodium phosphate buffer (pH 8.0). The reduced 

ionic strength protein solution was prepared by dissolving insulin, pGH, or ovalbumin, 

into a 1.333% 100 mM sodium phosphate buffer, 2.667% 1N NaOH, and 96% DI water 

to achieve a final concentration of 0.667 mg/mL. To each microcentrifuge tube, 10 mg of 

either 1% TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, 1.25% PEGDMA400 

P((MAA-co-NVP)-g-EG) hydrogel microparticles (30-45 μm diameter) and 1.5 mL of 

protein solution were added.  
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As described above, the protein/particle solutions were brought to 37oC under agitation 

and allowed to incubate for 30 minutes. After this incubation period, the pH was 

measured and then adjusted by the addition of 1N HCL or NaOH to reach a value of 7.3-

7.4. The total volume was brought up to 2 mL with DI water. The solutions were then 

incubated at 37oC for 24 hours under gentle agitation. The collapsing and collection 

procedure was completed as described above.  

5.2.2 hGH Loading into P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels   

The loading conditions for human growth hormone were selected based upon the results 

from the loading of the model proteins insulin, porcine growth hormone, and ovalbumin 

as well as the optimal conditions for hGH solubility. The pH controlled loading 

conditions in 1 mM sodium phosphate buffered satisfied both of these requirements. 

Briefly, a 0.667 mg/mL human growth hormone solution was prepared by dissolving the 

lyophilized rhGH (Biovision, Milpitas, CA) into a 1.333% 100 mM sodium phosphate 

buffer, 2.667% 1N NaOH, and 96% DI water solution. To each microcentrifuge tube 10 

mg of either P((MAA-co-NVP)-g-EG) 1% TEGDMA, P(MAA-co-NVP) 1% TEGDMA, 

P((MAA-co-NVP)-g-EG) 1% PEGDMA400, or P(MAA-co-NVP) 1% PEGDMA400 

hydrogel microparticles (30-45 μm diameter) and 1.5 mL of hGH solution were added.  

 

The protein/particle solutions were incubated at 37oC for 30 minutes under gentle 

agitation. The pH of the solutions was then measured and adjusted to a final value of 7.3-

7.4 with 1N HCl or 1N NaOH. At least 10-15 minutes of equilibration time was allowed 
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in between addition of strong acid or strong base before re-measuring the pH. Once the 

desired pH was reached, the particle/protein solutions remained at 37oC under gentle 

agitation for 24 hours. After the loading period, the samples were removed from agitation 

but maintained at 37oC until collapse.  

 

To collapse the particles, 0.2 mL 1N HCl was added directly to the microcentrifuge tube, 

which was then vortexed briefly to ensure mixing. The collapsed particles were collected 

with vacuum filtration using an Erlenmeyer flask, Buchner funnel, and Whatman 

quantitative-grade 50 filter paper (Whatman, Maidstone, UK). Briefly, the filter paper 

was wetted with 0.1N HCl, the contents of the microcentrifuge tube were tipped onto the 

filter paper and allowed to filter. Another 2 mL of 0.1N HCl were added to the 

microcentrifuge tube to collect any remaining particles and pipetted directly onto the 

filter paper.  

 

After filtration, a sample of the solution was taken. The Buchner funnel with filter paper 

and particles was moved to a clean Erlenmeyer flask and 3 quantities of 2 mL of DI water 

were pipetted onto the particles to wash the particles hopefully dislodging surface bound 

protein and any remaining acid solution. A sample of the wash was taken. The filtered 

and washed particles were kept on the filter paper and moved to a centrifuge tube, frozen 

in liquid nitrogen, lyophilized, and then stored at -20oC until use.  
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5.2.3 Dynamic Release of Human Growth Hormone 

The release of human growth hormone from rhGH-loaded hydrogel microparticles was 

accomplished using a two-stage dissolution protocol simulating the transition of the 

system from gastric to intestinal conditions. The release was performed using a Distek 

2100 B Dissolution System (Distek Inc., North Brunswick, NJ). The apparatus setup, 

buffer preparation, and specific experimental conditions are detailed below.  

5.2.3.1 Dissolution Apparatus Setup   

The Distek 2100B Dissolution System with paddle apparatus was set up according to the 

United States Pharmacopeia (USP) 29 Chapter 711 Apparatus II guidelines. Briefly, 

small volume dissolution vessels (100 mL volume) were sigmacoted to mitigate protein 

adsorption on the surface of the glass and then placed in the dissolution apparatus. The 

overhead impeller shafts fitted with mini paddles were adjusted to a height of 25 mm 

from the base of the dissolution vessels to ensure unimpeded rotation. Each dissolution 

vessel was capped with a cover to minimize evaporation of the buffer during the 

experimental protocol.  

5.2.3.2 Buffer Preparation  

Fasted state simulated gastric fluid (FaSSGF) and fasted state simulated intestinal fluid 

(FaSSIF) were prepared according to the manufacturer’s instructions (Biorelevant.com, 

London, England) and detailed here.  
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To prepare 1 L of FaSSGF buffer, 1.999 g NaCl (Fisher Scientific, Waltham, MA) was 

dissolved in 0.9 L of DI water. The pH of the solution was adjusted to 1.6 with 

hydrochloric acid. The total volume was brought up to 1 L with DI water. To 0.5 mL 

HCl/NaCl solution, 0.06 g FaSSIF, FeSSIF & FaSSGF powder was added and allowed to 

dissolve. The total volume was then brought up to 1L with the remaining HCl/NaCl 

solution. The solution was stored at room temperature until use.  

 

To prepare 1L of FaSSIF buffer, 0.420 g sodium hydroxide (NaOH; Fisher Scientific, 

Waltham, MA), 3.438 g sodium phosphate anhydrous (NaH2PO4; Sigma Aldrich, St. 

Louis, MO), and 6.816 g sodium chloride (NaCl; Fisher Scientific, Waltham, MA) were 

dissolved in 0.9 L DI water. The pH was initially adjusted to 6.9 with either 1N 

hydrochloric acid or 1N sodium hydroxide. After this initial adjustment, a small volume 

of FaSSGF and NaOH/NaH2PO4/NaCl solution was mixed in a 1:1 ratio. The pH was 

measured. The pH of the NaOH/NaH2PO4/NaCl solution was then adjusted until the 1:1 

mixture of FaSSGF:NaOH/NaH2PO4/NaCl solution reached a value of 6.5. The volume 

of the NaOH/NaH2PO4/NaCl solution was brought up to 1L with DI water.  

 

To 0.5 L of NaOH/ NaH2PO4/NaCl, 2.240g of FaSSIF, FeSSIF & FaSSGF powder was 

added and dissolved. The total volume was then brought up to 1L with the remaining 

NaOH/ NaH2PO4/NaCl solution. The solution was stored at room temperature until use.  
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5.2.3.3 Experimental Protocol 

The water bath of the dissolution apparatus was filled with DI water and then heated to 

37oC. The prepared FaSSGF and FaSSIF buffers were also heated to 37oC immediately 

before use.  P((MAA-co-NVP)-g-EG) 1% TEGDMA, P(MAA-co-NVP) 1% TEGDMA, 

P((MAA-co-NVP-g-EG) 1% PEGDMA400, and P(MAA-co-NVP) 1% PEGDMA400 

microparticles (30-45 μm in diameter) previously loaded with hGH and lyophilized were 

brought out of storage and allowed to come to room temperature.   

 

To each dissolution vessel, 30 mL of FaSSGF solution and 2-7 mg of loaded 

microparticles were added. The rotation speed of the impellers was set at 100 rpm. One 

mL samples were taken at 10, 20 and 30 minutes using sample needles fitted with 10 μm 

filters. The sample volume was replaced after each time point to maintain a constant 

volume in the vessel. After 30 minutes at gastric conditions, 30 mL of FaSSIF solution 

was added to each dissolution vessel. Samples were taken at 10, 20, 30, 60, and 120 

minutes with volume replacement. The samples were analyzed using a high sensitivity 

hGH ELISA (Anogen, Mississauga, Ontario, Canada).   

5.3 RESULTS AND DISCUSSION  

5.3.1 Optimization of hydrogel loading with model proteins 

 
The protein loading capabilities of the newly developed P((MAA-co-NVP)-g-EG) 

formulations were evaluated with three model proteins of varying molecular weight and 

isoelectric point – insulin, porcine growth hormone, and ovalbumin. Insulin is a small 
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protein (5.8 kDa) with an isoelectric point of 5.3, which is used for the treatment of Type 

I and certain cases of Type II diabetes [1, 2]. Porcine growth hormone (pGH), is the 

porcine variant of growth hormone with a molecular weight of 22 kDa and an isoelectric 

point of 6.2 [3, 4]. Ovalbumin, a protein typically used as a model antigen for vaccine 

development is a 45 kDa protein with an isoelectric point of 4.5 [5-7].   

 

All loading studies were performed at a constant temperature, 37oC, for a constant 

duration, 24 hours, and at constant protein and microparticle concentrations, 0.5 mg/mL 

and 5 mg/mL, respectively. The selection of physiological temperature was intended to 

improve the stability of the protein during loading as compared to room temperature and 

to increase the rate of diffusion [13]. The duration of loading was increased from 

previously reported loading protocols to account for the larger size range of protein 

species being loaded, an increase from 2-6 hours [14-16] to 24 hours.  

 

Protein loading was accomplished by equilibrium partitioning, which is governed by the 

concentration gradient between the interior and exterior of the particle [17]. By 

increasing the exterior concentration, one can force more protein into the interior of the 

particle, however, when working with expensive or difficult-to-obtain proteins this 

benefit must be balanced with cost and availability. Therefore, a 0.5 mg/mL protein 

concentration was selected and a 5 mg/mL particle concentration was deemed sufficient 

to load this protein level. Microparticles sieved to a diameter of 30-45 μm were chosen to 
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decrease the distance over which proteins had to diffuse as well as to improve the 

interaction potential with the mucus lining of the gastrointestinal tract [18].  

 

To optimize the conditions for different proteins, the pH and ionic strength of the solution 

were varied. The loading was quantified as both a loading efficiency and a weight 

loading efficiency. The loading efficiency is a ratio between the amount of loaded protein 

and the initial protein concentration in solution, as calculated by equation 5-1. Weight 

loading efficiency, as calculated by equation 5-2, gives the weight of loaded protein per 

weight of particle.  

 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =   !!!!!

!!
  ×  100%     (Equation 5-1) 

 

𝑊𝑒𝑖𝑔ℎ𝑡  𝐿𝑜𝑎𝑑𝑖𝑛𝑔  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =   !!!!!

!!
  ×  100%    (Equation 5-2) 

 

where m0 is the initial mass of protein in solution, mf is the mass of protein in solution 

after loading, collapse by HCl and washing, and mp is the mass of particles loaded.  

5.3.1.1 Effect of pH on model protein loading  

The initial loading of insulin, pGH and ovalbumin into P((MAA-co-NVP)-g-EG) 1% 

TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 hydrogel 

formulations was performed in an unmodified 1X PBS solution (ionic strength ~150 mM 

[19]). The loading levels were measured after loading, collapse and rinsing with DI water 
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to dislodge any surface bound protein. The loading efficiencies for insulin ranged from 

58.8 ± 5.2% to 61.1 ± 3.4%, resulting in a weight loading of approximately 60 μg insulin 

per mg of particle for all formulations (Figure 5-1). pGH loaded hydrogels had loading 

efficiencies between 71.5 ± 1.25% and 80.4 ± 3.39%, with weight loading of 

approximately 83-89 μg pGH per mg of particles (Figure 5-2). Finally, the ovalbumin-

loaded hydrogels had loading efficiencies ranging from 33.4 ± 3.47% to 46.0 ± 2.66, with 

corresponding weight loading of 13.8-26.2 μg of ovalbumin per mg of particle (Figure 5-

3). A compilation of insulin, pGH and ovalbumin loading can be seen in Figure 5-4 and 

Table 5-1.  

 

An interesting trend emerges in these loading conditions, where the diffusional-based 

loading is not exclusively based upon the molecular weight or size of the protein. As 

shown by the Stokes-Einstein equation (Equation 5-3), the diffusivity of a solute in a 

dilute bulk solution, D∞, is inversely proportional to the radius of the solute, r:  

 

𝐷! = !!!
!!"#

         (Equation 5-3) 

 

where kB is Boltzmann’s constant, T is absolute temperature, and η, is the viscosity of the 

solvent. The radius of the solute can be replaced by the hydrodynamic radius of a protein, 

RH, but does assume a rigid sphere in a continuum of solvent [20]. He et al., developed a 

model relating the diffusion coefficient of a protein to its radius of gyration, RG, and its 

molecular weight, M, which is shown in (Equation 5-4) [20]:  
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𝐷 = !.!"×!"!!"!

! !! !!!
         (Equation 5-4) 

 

Additionally, the diffusion coefficient of a solute is affected by the medium in which its 

diffusing, specifically, if it is a bulk solvent or through a tortuous polymer matrix. The 

diffusion coefficient of a solute through a porous polymer matrix can be described with 

the following modifications (Equation 5-5): 

 

𝐷!"" = 𝐷!"
!!!(!)
!

          (Equation 5-5) 

 

where Dsw is peptide diffusion through water-filled pores, ε is the void fraction (how 

porous the material is), τ is the tortuosity (how straight or curved the pores are) and Kr(λ) 

which is a restriction coefficient that is a function of the ratio, λ, which is the ratio 

between the peptide radius, rs, and the average pore radius, rp, (Equation 5-6) [21].  

 

𝜆 = !!
!!

           (Equation 5-6) 

 

It is, therefore, expected that as the molecular weight and corresponding hydrodynamic 

radius of the protein diffusing through a tortuous polymer matrix increases, the diffusion 

coefficient and subsequent loading capacity of the drug carrier will decrease. As shown in 

Figure 5-4 and Table 5-1, the pGH loads almost 20% more protein into the hydrogel 
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matrix than insulin, even though pGH (22 kDa) is almost 5 times the size of insulin (5.8 

kDa).  

 

To explain this it is necessary to consider the charge of the two species interacting during 

loading. The protein itself carries a charge, either positive below its isoelectric point or 

negative above its isoelectric point. The hydrogel carrier is also a charged species where 

above the pKa of its ionizable components it will be predominantly negatively charged. 

In the case of the P((MAA-co-NVP)-g-EG) hydrogel system, this negative charge is 

necessary to cause the desired pH-responsive swelling behavior. In the non-pH controlled 

loading, the acidic pendant groups in the polymer backbone dropped the surrounding 

solution pH to approximately 5.5-6.0, even in the buffered PBS conditions.  

 

At this pH, the hydrogel microparticle was negatively charged, as were the proteins 

insulin and ovalbumin, which have isoelectric points of 5.3 and 4.5, respectively. 

Therefore, the negatively charged proteins were being loaded into a negatively charged 

network, which was not swollen to its greatest capacity due to the pH being just slightly 

below that of the pKa of methacrylic acid (~4.8-4.9) [22, 23]. The electrostatic repulsion 

can be considered an added barrier to loading and protein diffusion [19]. Conversely, 

pGH, with an isoelectric point of 6.3 was positively charged at these loading conditions 

and would, therefore, have favorable electrostatic interactions with the hydrogel network 

in addition to the concentration gradient-driven partitioning. These favorable interactions 

would account for the increased loading capacity of pGH in all P((MAA-co-NVP)-g-EG) 
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hydrogel formulations as compared to insulin and ovalbumin. One caveat to these 

favorable electrostatic interactions is that it decreases the likelihood of protein diffusion 

into a pore as it will undergo non-covalently binding with the hydrogel before it is able to 

diffuse further into the pore. This could increase surface loading on the hydrogel carrier 

and potentially eliminate its protective effects during transit through the gastrointestinal 

tract.  

 

To confirm that it was indeed favorable or unfavorable electrostatic interactions that were 

affecting loading, another round of loading studies were performed where the ionic 

strength was held constant, at 1X PBS, but the pH was tightly controlled after particle 

addition to 7.3-7.4. In this case, the pH of the surrounding solution will be above the 

isoelectric points of all proteins and well above that of the pKa of the hydrogel network. 

A summary of the protein and hydrogel charges at the two different loading conditions 

can be seen in Table 5-2.  

 

At controlled pH conditions, the insulin loading efficiencies were between 90.2 ± 2.36% 

and 92.5 ± 1.65%, with corresponding weight loading of ~88 μg of insulin per mg of 

particle (Figure 5-6). pGH loading efficiencies were considerably lower at 58.8 ± 11.2% 

to 70.5 ± 7.84, with weight loading ranging from 64-70 μg protein per mg of particle 

(Figure 5-7). Finally, ovalbumin loading efficiencies ranged from 61.0 ± 6.07 to 65.9 ± 

2.82, with weight loading levels between 59-65 μg (Figure 5-8). A compilation of all 

loading can be seen in Figure 5-9 and Table 5-3.  
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When removing the favorable electrostatic interactions, the pGH loading drops 

significantly, from 70-80% to 60-70%, while insulin loading increases dramatically from 

~60% to ~90% and ovalbumin increasing from 35-45% to ~65% (Figures 5-4 and 5-9). 

The decrease of pGH loading can be attributed to there no longer being any favorable 

electrostatic interactions with the hydrogel carrier. The increase in both insulin and 

ovalbumin loading is likely due to the hydrogel network being more swollen at the 

increased pH and, therefore, having larger pores available for diffusion and drug loading. 

The insulin loading levels at this pH match more closely with values shown in literature 

for other pH-responsive hydrogel systems, insulin loading ranging from 73.6% to 95%, 

although direct comparison is difficult due to different particle sizes and initial protein 

concentrations [14, 16, 18, 24, 25].  

 

No consistent trends were observed with modifying crosslinking length and density 

within the P((MAA-co-NVP)-g-EG) hydrogels, although mesh size calculations in 

Chapter 4 did show a decrease in mesh size at the increased crosslinking density. Most 

likely, the small difference in crosslinking density was not a large enough change to 

result in significant differences in the protein loading potential of the hydrogel network.  

5.3.1.2 Effect of ionic strength on model protein loading  

The ionic strength of the solution is another parameter that can be used to optimize the 

loading conditions for specific proteins. By modifying the ionic strength of the solution, 
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the swelling properties of the hydrogel network can be altered. As described by Brannon-

Peppas and Peppas, ionic hydrogels will swell to a greater extent in lower ionic strength 

solutions, as more solvent must be imbibed to equilibrate the osmotic pressure generated 

by the difference in the ion concentration of the hydrogel with the external ion 

concentration [26, 27]. An increase in hydrogel swelling will open the pores of the 

network to a greater extent, allowing for increased protein loading and, consequently, an 

improved diffusive release potential.  

 

Additionally, the ionic strength of the surrounding solution will affect the Debye length, 

or the extent to which a charge carrier’s electrostatic effect will persist in solution and 

undergo Coulombic interactions [27]. The Debye length, λD, can be described by 

Equation 5-7:  

 

𝜆! =
!!!!
!!!!!!

∝ !
!
          (Equation 5-7) 

 

where ε is the permittivity of the solution, kB is the Boltzmann constant, T is absolute 

temperature, NA is Avogadro’s number, e is the elementary charge and I is the ionic 

strength. Therefore, the decrease of the ionic strength of the solution will both increase 

hydrogel swelling and increase the likelihood of the coulombic interactions between the 

charged protein and the charged hydrogel network.  
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To achieve this decreased ionic strength loading condition, a 10 mM sodium phosphate 

buffered was used but all other parameters including tight pH control were maintained. 

Insulin loading efficiencies at this decreased ionic strength ranged from 71 ± 5.92% to 

85.7 ± 4.97%, with weight loading between 72 to 88 μg insulin per mg of particle (Figure 

5-9). The loading efficiencies of porcine growth hormone ranged from 61.3 ± 10.3% to 

80.9 ± 3.08%, which corresponded to 60-78 μg of pGH loading per mg of hydrogel 

microparticle (Figure 5-10). Finally, the ovalbumin loading ranged from 45.0 ± 10.8% to 

54.8 ± 1.24%, with weight loading of 45-55 μg per mg of particle (Figure 5-11). A 

compilation of loading efficiencies and weight loading efficiencies at this reduced ionic 

strength is shown in Figure 5-12 and Table 5-4.  The loading efficiencies maintain the 

general trend of decreasing loading capacity as the molecular weight of the protein 

increases, as shown in the 1X PBS conditions. These results are aligned with expectation 

as changing the ionic strength will not change the charge of any of the species, merely 

how readily they can detect one another in solution.  

 

When comparing protein loading in the 1X and 10 mM ionic strength conditions, Figure 

5-13, it is interesting to note that the loading efficiencies did not dramatically change. 

The insulin loading efficiencies were slightly lower in the 10 mM conditions than the 1X 

PBS conditions. pGH also showed very little difference between the two ionic strength 

conditions, with the exception of the 1% TEGDMA formulation, which performed 

significantly better in the 10 mM condition than the 1X PBS. Ovalbumin showed a 

decrease, although not significantly, in its loading potential in the lower ionic strength 



140 

solutions. These results were interesting and demonstrate the complexity of interactions 

occurring in these hydrogel systems during loading and release. What appears to be 

occurring is a balance between the favorable increase in swelling, i.e. larger pores 

opening up resulting in more substantial diffusion, and the increased Debye length that 

allows the negatively charged proteins to more readily interact with the negatively 

charged, which will make loading and diffusion less favorable. Ovalbumin, the largest 

protein and the one most aided by larger pores for diffusion, experienced a decrease in 

loading capacity at 10 mM, suggesting that the increased pore size was not enough to 

overcome the added restriction of the increased Debye length. Although reports in 

literature have shown that decreasing the ionic strength of the loading solution to 5 mM 

can slightly improve the loading potential of a negatively charged protein, such as Factor 

IX [28], and significantly increase the loading of a positively charged protein, such as 

calcitonin [27], it appears that this effect is dependent on the protein being loaded and the 

carrier and would, therefore,  need to be optimized for each specific application. 

5.3.2 hGH Loading 

After optimizing the loading protocol for proteins of differing molecular weights and 

isoelectric points, these conditions were used to investigate the loading capability of 

human growth hormone in P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel 

systems and to observe any differences between them. Human growth hormone (hGH) is 

a 22 kDa protein with an isoelectric point of 4.8, which is synthesized in the anterior 

pituitary and exerts effects on growth, metabolism, and sexual maturation [8, 9]. To load 
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this protein successfully, a pH-controlled loading condition was chosen at a 1 mM ionic 

strength, achieved with sodium phosphate buffer. This selection of ionic strength was due 

to it being the optimal condition for hGH dissolution.   

5.3.2.1 Effect of hydrogel formulation  

The loading of hGH was investigated in 4 different hydrogel formulations: P((MAA-co-

NVP)-g-EG) 1% TEGDMA, P((MAA-co-NVP)-g-EG) 1% PEGDMA400, P(MAA-co-

NVP) 1% TEGDMA and P(MAA-co-NVP) 1% PEGDMA400. The P((MAA-co-NVP)-

g-EG) hydrogel formulations were selected for their superior swelling behavior (as 

detailed in Chapter 4) and for their slightly improved loading capacity at lower ionic 

strength conditions. The P(MAA-co-NVP) hydrogels were selected as the non-PEGylated 

(non-PEG tether containing) controls. The resulting loading efficiencies are shown in 

Figure 5-14 and Table 5-5. The hGH loading efficiencies for the P((MAA-co-NVP)-g-

EG) formulations was 64.2 ± 3.27% for 1% TEGDMA and 63.1 ± 5.17% for 1% 

PEGDMA400. The loading efficiencies were lower in the non-PEGylated gels, which 

loaded hGH at 45.3 ± 6.68% at 1% TEGDMA crosslinking density and 52.1 ± 8.94% for 

the 1% PEGDMA400 crosslinking density.  

 

The P(MAA-co-NVP) hydrogels exhibited decreased loading when compared to their 

P((MAA-co-NVP)-g-EG) counterparts. This is most likely due to their decreased 

swelling capacity (as shown in Chapter 4), which opens up smaller pores in the network, 

and restricts the diffusion of the larger hGH molecule. PEGylation improved the swelling 
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kinetics and potential of the hydrogel networks and did not appear to have any 

detrimental effects on the loading. These results were encouraging as PEG brushes, at 

high enough density, have been shown to inhibit protein interaction, which is beneficial 

for stealth properties to minimize clearance intravenously, but not ideal for protein 

loading into the carrier [29]. There was no difference in protein loading between the 

different lengths of crosslinking agent, TEGDMA vs. PEGDMA400, in either the 

PEGylated or non-PEGylated hydrogels. This shows that while the PEGDMA400 gels 

likely swell to a greater extent, the added swelling is not significant enough to exert a 

measurable difference on hGH loading into the hydrogel matrix.  

 

The final hGH weight loading levels were 44.6 μg and 51.3 μg per mg of P(MAA-co-

NVP) 1% TEGDMA or 1% PEGDMA400, respectively. P((MAA-co-NVP)-g-EG) 

weight loading levels were slightly larger at 63.6 μg per mg for the 1% TEGDMA 

formulation and 64.0 μg per mg for the 1% PEGDMA400 formulation.  

 

Therefore, it is possible to use optimized protein loading protocols to instruct the loading 

of other similar therapeutic proteins. Additionally, while a difference in crosslinking 

density and length did not appear to have a significant effect on loading efficiencies, the 

incorporation of PEG tethers into the hydrogel network did result in a significant 

improvement of hGH loading. 
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5.3.3 Dynamic hGH Release   

The release of hGH from prepared and loaded hydrogel microparticles is necessary to 

determine the ultimate delivery potential of these microparticles. A two-stage dissolution 

study was chosen to mimic the transit of the microparticle through the acidic environment 

of stomach and into the more neutral environment of the upper small intestine. P((MAA-

co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels crosslinked at 1% TEGDMA and 1% 

PEGDMA400 previously loaded with hGH were exposed to a two-stage dissolution in 

the USP Class II dissolution apparatus. The hGH release is shown in Figure 5-15. 

 

For all formulations, there is no detectable hGH release in the gastric conditions (0-30 

min). This is a promising result, as any hGH released in the gastric conditions during oral 

administration would be lost due to degradation by the acid in the stomach and 

proteolytic enzymes in the upper small intestine. These protective effects at acidic pH 

levels have been shown in both P(MAA-g-EG) and P(MAA-co-NVP) hydrogel systems 

at the appropriate monomer feed ratio [24, 25, 30]. However, if the complexation is not 

stable enough, there can be premature protein release in gastric conditions, as shown by 

Foss et al. in P(MAA-g-EG) nanospheres, where up to 80% of the insulin payload was 

lost [14] and in Morishita et al., where increasing methacrylic acid content of P(MAA-g-

EG) microparticles resulted in up to 50% premature insulin release [31].  

 

Once the pH is increased and the experimental environment mimics the intestinal 

environment, the hydrogel microparticles all release their hGH payload at detectable 
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levels. Although the differences between formulations are not statistically significant, 

there are some interesting trends worth discussing. The PEG-tether containing 

(PEGylated) hydrogels do show increased release levels when compared to the non-PEG 

tether containing (non-PEGylated) hydrogels. This increase in release can be due to their 

increased loading that provides a greater concentration gradient induced impetus for 

release. Interestingly, the 1% TEGDMA appears to be releasing more than the 1% 

PEGDMA400. These trends are similar to those seen in Horava et al., where increased 

release was seen in P(MAA-g-EG) hydrogels with shorter PEGDMA crosslinkers, but 

was ultimately attributed to more surface loading due to lack of protein penetration and a 

loss of protein activity [28]. This trend is not observed in the P(MAA-co-NVP) 

hydrogels, where the 1% PEGDMA400 crosslinked formulation releases more protein 

than the 1% TEGDMA crosslinked formulation. This could potentially be caused by an 

unknown protein interaction with the PEG tethers that occurs in the P(MAA-g-EG) and 

P((MAA-co-NVP)-g-EG) hydrogels, but not in the P(MAA-co-NVP), or could just be 

due minor discrepancies that occur within the error of the experiment.  

 

The important and promising result is that the P((MAA-co-NVP)-g-EG) and P(MAA-co-

NVP) hydrogels are able to remain complexed at low pH and prevent the premature 

release of hGH into the gastric environment and exclusively release the hGH payload in 

simulated intestinal conditions.  
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5.4 CONCLUSIONS  

By optimizing the loading conditions, specifically the pH and ionic strength of the 

loading solution, the amount of insulin, porcine growth hormone and ovalbumin loaded 

into P((MAA-co-NVP)-g-EG) hydrogel microparticles (30-45 μm) can be modulated. If 

the pH of the loading solution is between the pKa of the polymeric material and the pI of 

the protein, the loading is not solely based upon concentration gradients and molecular 

weight diffusional limitations, but also favorable electrostatic attractions. As shown, the 

loading level of pGH, a larger protein molecule, in P((MAA-co-NVP)-g-EG) hydrogels 

can be increased above that of the smaller insulin molecule by selecting a loading pH 

below that of the pI of pGH. It was also shown that by choosing a loading pH where all 

species bear the same electric charge, this effect is eliminated, and, therefore, the loading 

at these controlled pH conditions are driven by the concentration gradients and the size of 

the protein being loaded.  

 

The ionic strength also has an effect upon the loading capability of the P((MAA-co-

NVP)-g-EG) hydrogel microparticles. The ionic strength will result in increased swelling 

of the hydrogel network, but will also increase the distance over which charged species 

can interact with one another, which, if all species are negatively charged can negatively 

impact loading. The reduction of ionic strength from ~150 mM (1X PBS) to 10 mM 

(sodium phosphate buffer) resulted in either no effect on loading efficiency (pGH) or a 

decrease in loading efficiency (insulin and ovalbumin). There is, therefore, a balance that 
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needs to be maintained between the improved swelling at reduced ionic strength and the 

stronger electrostatic repulsion between the charged entities.  

 

No consistent differences or trends were observed between the loading capacities of the 

P((MAA-co-NVP)-g-EG) hydrogel formulations crosslinked with different crosslinking 

lengths and densities. Although an improvement in loading was expected due to the 

increased swelling potential of the less crosslinked gels with the longer crosslinking 

agent, it was likely that the changes made were too minimal to have a substantial effect 

on the loading behavior of the hydrogel networks.  

 

The optimized loading conditions were successfully implemented to load human growth 

hormone into P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels crosslinked at 

either 1% TEGDMA or 1% PEGDMA400. While there was still no significant difference 

in the loading levels at different lengths of crosslinking agent, the inclusion of 

poly(ethylene glycol) tethers had a significant improvement of the loading levels. This is 

attributed to the increased swelling potential of the P((MAA-co-NVP)-g-EG) systems 

over the P(MAA-co-NVP) due to incorporation of the hydrophilic PEG tether.  

 

hGH was able to be released from both the P((MAA-co-NVP)-g-EG) and P(MAA-co-

NVP) hydrogel systems in a pH-controlled manner, with no detectable hGH release at 

gastric conditions observed for any formulation. The hGH was, however, able to diffuse 

out the hydrogel microparticles when exposed to intestinal conditions.  
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Overall, these results suggest that optimizing the loading conditions can have a 

significant impact on the loading efficiencies of various protein species into these anionic 

hydrogel networks. P((MAA-co-NVP)-g-EG) has shown great potential as an oral drug 

delivery carrier due to its ability to not only load multiple model protein therapeutics, but 

to release them in a pH-controlled manner, reducing premature release into the 

degradative conditions of the gastric environment and releasing only upon entering the 

neutral environment of the intestine.  
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5.5 FIGURES  

 

 

Figure 5-1. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of insulin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed in a 1X PBS solution (I = ~150 mM). (N=3 ± S.D.)  
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Figure 5-2. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of porcine growth hormone into P((MAA-co-NVP)-g-EG) hydrogels. 
Loading studies were performed in a 1X PBS solution (I = ~150 mM). (N=3 ± S.D.) 
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Figure 5-3. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of ovalbumin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed in a 1X PBS solution (I = ~150 mM). (N=3 ± S.D.) 
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Figure 5-4. Comparison of loading and weight loading efficiencies for proteins of 
varying size and isoelectric point across multiple P((MAA-co-NVP)-g-EG) hydrogel 
formulations. Loading studies were performed in a 1X PBS solution. (N=3 ± S.D.)    
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Table 5-1. Tabulated comparison of loading and weight loading efficiencies for proteins 
of varying size and isoelectric point across multiple P((MAA-co-NVP)-g-
EG) hydrogel formulations. Loading studies were performed in a 1X PBS 
solution. (N=3 ± S.D.)   

 

 
 

Formula(on**

Insulin* pGH* Ova*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

Loading*
Efficiency*

Weight*Loading*
Efficiency*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

1%*TEGDMA* 92.5%±%1.65% 8.88%±%0.206% 67.3%±%6.62% 6.63%±%0.724% 62.4%±%10.9% 6.08%±%1.10%

1%*PEGDMA400* 90.2%±%2.36% 8.73%±%0.228% 70.5%±%7.84% 6.99%±%0.852% 65.9%±%2.82% 6.46%±%0.312%

1.25%*TEGDMA* 91.4%±%1.36% 8.84%±%0.131% 58.8%±%11.2% 6.79%±%1.07% 63.6%±%4.43% 6.23%±%0.445%

1.25%*PEGDMA400* 91.9%±%2.68% 8.89%±%0.259% 65.3%±%3.65% 6.39%±%0.357% 61.0%±%6.07% 5.90%±%0.557%%
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Table 5-2. Overview of protein and hydrogel charges in both 1X PBS and 1X PBS (pH 
7.3-7.4) loading protocols. All studies were performed in 1X PBS.   

  

Loading 
Conditions 

pH  of 
swelling 
solution 

Charge of the Species 

Insulin pGH Ova Hydrogel 

 
Non-

controlled 
pH, 1X 

PBS 
 

~5.5 - + - - 

 
Controlled 

pH, 1X 
PBS 

 
 

7.3-7.4 - - - - 
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Figure 5-5. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of insulin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed with in a 1X PBS solution (I = ~150 mM) with pH adjusted to 7.3-7.4 by 
addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± S.D.)  
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Figure 5-6. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of porcine growth hormone into P((MAA-co-NVP)-g-EG) hydrogels. 
Loading studies were performed with in a 1X PBS solution (I = ~150 mM) with pH 
adjusted to 7.3-7.4 by addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± 
S.D.)  
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Figure 5-7. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of ovalbumin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed with in a 1X PBS solution (I = ~150 mM) with pH adjusted to 7.3-7.4 by 
addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± S.D.)  
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Figure 5-8. Comparison of loading and weight loading efficiencies for proteins of 
varying size and isoelectric point across multiple P((MAA-co-NVP)-g-EG) hydrogel 
formulations. Loading studies were performed with in a 1X PBS solution (I = ~150 mM) 
with pH adjusted to 7.3-7.4 by addition of 1N hydrochloric acid or sodium hydroxide. 
(N=3 ± S.D.)  
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Table 5-3. Tabulated comparison of loading and weight loading efficiencies for proteins 
of varying size and isoelectric point across multiple P((MAA-co-NVP)-g-
EG) hydrogel formulations. Loading studies were performed with in a 1X 
PBS solution (I = ~150 mM) with pH adjusted to 7.3-7.4 by addition of 1N 
hydrochloric acid or sodium hydroxide. (N=3 ± S.D.) 

 

 
 
  

Formula(on**

Insulin* pGH* Ova*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

Loading*
Efficiency*

Weight*Loading*
Efficiency*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

1%*TEGDMA* 92.5%±%1.65% 8.88%±%0.206% 67.3%±%6.62% 6.63%±%0.724% 62.4%±%10.9% 6.08%±%1.10%

1%*PEGDMA400* 90.2%±%2.36% 8.73%±%0.228% 70.5%±%7.84% 6.99%±%0.852% 65.9%±%2.82% 6.46%±%0.312%

1.25%*TEGDMA* 91.4%±%1.36% 8.84%±%0.131% 58.8%±%11.2% 6.79%±%1.07% 63.6%±%4.43% 6.23%±%0.445%

1.25%*PEGDMA400* 91.9%±%2.68% 8.89%±%0.259% 65.3%±%3.65% 6.39%±%0.357% 61.0%±%6.07% 5.90%±%0.557%%
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Figure 5-9. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of insulin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed with in a 10 mM sodium phosphate solution with pH adjusted to 7.3-7.4 by 
addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± S.D.)  
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Figure 5-10. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of porcine growth hormone into P((MAA-co-NVP)-g-EG) hydrogels. 
Loading studies were performed with in a 10 mM sodium phosphate solution with pH 
adjusted to 7.3-7.4 by addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± 
S.D.) 
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Figure 5-11. Effect of crosslinking length and density on the loading and weight loading 
efficiencies of ovalbumin into P((MAA-co-NVP)-g-EG) hydrogels. Loading studies were 
performed with in a 10 mM sodium phosphate solution with pH adjusted to 7.3-7.4 by 
addition of 1N hydrochloric acid or sodium hydroxide. (N=3 ± S.D.) 
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Figure 5-12. Comparison of loading and weight loading efficiencies for proteins of 
varying size and isoelectric point across multiple P((MAA-co-NVP)-g-EG) hydrogel 
formulations. Loading studies were performed with in a 10 mM sodium phosphate buffer 
with pH adjusted to 7.3-7.4 by addition of 1N hydrochloric acid or sodium hydroxide. 
(N=3 ± S.D.)  
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Table 5-4. Tabulated comparison of loading and weight loading efficiencies for proteins 
of varying size and isoelectric point across multiple P((MAA-co-NVP)-g-
EG) hydrogel formulations. Loading studies were performed with in a 10 
mM sodium phosphate buffer with pH adjusted to 7.3-7.4 by addition of 1N 
hydrochloric acid or sodium hydroxide. (N=3 ± S.D.) 

  

 
 
  

Formula(on**

Insulin* pGH* Ova*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

Loading*
Efficiency*

Weight*Loading*
Efficiency*

Loading*
Efficiency*

Weight*
Loading*
Efficiency*

1%*TEGDMA* !71.0!±!5.92! 7.17!±!0.587! 80.9!±!3.08! 7.81!±!0.268! 54.8!±!1.24! 5.51!±!0.0928!

1%*PEGDMA400* 87.1!±!4.81! 8.77!±!0.447! 65.0!±!9.21! 6.21!±!0.952! 45.0!±!10.8! 4.49!±!1.09!

1.25%*TEGDMA* 86.4!±!5.67! 8.79!±!0.532! 73.6!±!1.47! 7.07!±!0.0926! 51.2!±!11.6! 5.15!±!1.15!

1.25%*PEGDMA400* 85.7!±!4.97! 8.68!±!0.440! 61.3!±!10.3! 5.93!±!0.996! 48.1!±!1.29! 4.85!±!0.130!
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Figure 5-13. Comparing the effect of loading solution ionic strength on the loading 
capability of insulin, porcine growth hormone and ovalbumin into P((MAA-co-NVP)-g-
EG) hydrogels of varying crosslinking length and density. All solutions had their pH 
adjusted to 7.3-7.4 by addition of either 1N hydrochloric acid or 1N sodium hydroxide. 
(N=3 ± S.D.) 
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Figure 5-14. Effect of hydrogel formulation and crosslinker length on loading and weight 
loading efficiencies of human growth hormone into either P((MAA-co-NVP)-g-EG) 
(PEG+) or P(MAA-co-NVP) (PEG-) hydrogels. Loading studies were performed with in 
a 1 mM sodium phosphate solution with pH adjusted to 7.3-7.4 by addition of 1N 
hydrochloric acid or sodium hydroxide. (N=3 ± S.D.) 
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Table 5-5. Tabulated comparison of loading and weight loading efficiencies of human 
growth hormone into either P((MAA-co-NVP)-g-EG) or P(MAA-co-NVP) 
hydrogels. Loading studies were performed with in a 1 mM sodium 
phosphate solution with pH adjusted to 7.3-7.4 by addition of 1N 
hydrochloric acid or sodium hydroxide. (N=3 ± S.D.) 

 

 
 
  

Formula(on** Loading*Efficiency* Weight*Loading*Efficiency*

P((MAA;co;NVP);g;EG)*1*%*TEGDMA* 64.2%±%3.27% 6.36%±%0.355%

P(MAA;co;NVP)*1%*TEGDMA* 45.3%±%6.68% 4.46%±%0.641%

P((MAA;co;NVP);g;EG)*1%*PEGDMA400* 63.1%±%5.17% 6.40%±%0.438%

P(MAA;co;NVP)*1%*PEGDMA400* 52.1%±%8.94% 5.13%±%0.857%
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Figure 5-15. Human growth hormone release from P((MAA-co-NVP)-g-EG) (PEG+) 
and P(MAA-co-NVP) (PEG-) hydrogel systems after a 2-stage dissolution protocol: (1) 
30 min at simulated gastric conditions (2) 120 min at simulated intestinal conditions. 
(N=3 ± S.E.)   
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Chapter 6. In Vitro Evaluation of P((MAA-co-NVP)-g-EG) and P(MAA-
co-NVP) Hydrogel Carriers: Cytocompatibility and Transport  

6.1 INTRODUCTION  

Evaluation of carrier interaction and performance in a relevant in vitro model is an 

important step in the design of any biomaterial or drug carrier. During the transit of the 

P((MAA-co-NVP)-g-EG) hydrogel microparticles through the gastrointestinal tract, they 

will be interacting with the mucus layer and intestinal lining, which will have 

implications for both carrier safety and drug delivery.  

 

The tightly controlled and selectively permeable intestinal lining is composed of a single 

heterogeneous epithelial layer. This layer consists of four differentiated cell types with 

diverse and critical functions (Figure 6-1) [1]:  

 

1. Absorptive cells – the most populous of the intestinal epithelial cells, a polarized 

columnar enterocyte with microvillus protrusions to increase surface area for 

nutrient absorption  

2. Goblet cells – the second most populous cell, responsible for secreting the 

protective mucus layer found on all gastrointestinal surfaces [2] 

3. Paneth cells – immune cells that act as part of the innate immune system  

4. Enteroendocrine cells – responsible for secreting hormones and general regulation 

of the gastrointestinal tract  
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Of these four cell types, the absorptive cells and the goblet cells have the most significant 

impact on drug transport and delivery by providing the two most critical barriers: (1) the 

tightly controlled epithelial layer with intercellular junctional complexes resulting in 

barriers to both transcellular and paracellular delivery [3, 4] and (2) the highly viscous 

mucus gel lining providing a diffusional barrier to drug transport [5]. To this end, two 

model cell lines were selected for the in vitro evaluation of P((MAA-co-NVP)-g-EG) 

hydrogel formulations: Caco-2 colon adenocarcinoma cells and HT29-MTX mature 

goblet cells.  

 

Caco-2 cells are a human derived colon carcinoma cell line capable of undergoing 

spontaneous differentiation into monolayers of polarized enterocytes under standard cell 

culture conditions [4, 6]. The apical side of the cell line possesses the microvillous 

protrusions seen on intestinal absorptive enterocytes, i.e. the brush border, and also 

expresses high levels of brush border enzymes and carrier-mediated transport systems [6, 

7].  When grown onto permeable substrates, Caco-2 cells differentiate into a polarized 

monolayer that is widely considered to be the best in vitro model for drug absorption 

across the intestinal epithelium [8-11] with good reproducibility and correlation with in 

vivo data [4, 7, 8, 12].  

 

While useful as a drug-screening tool, the Caco-2 model has some limitations, 

specifically, it exclusively differentiates into an absorptive cell phenotype that does not 

account for the heterogeneous cell population and diverse function of the intestinal 
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epithelial lining, Caco-2s do not secrete a robust mucus layer, which eliminates a 

substantial barrier to drug absorption, and the tightness of the junctions more closely 

represents what is seen in the colon, not in the more absorptive upper small intestine [3, 

5]. These limitations could potentially artificially inflate the permeability of certain 

compounds and reduce the permeability of others [13].  

 

For these reasons, researchers have proposed the use of an additional cell line to 

incorporate some of this lost functionality in the Caco-2 monoculture. HT29-MTX cells 

are a colon adenocarcinoma cell line that, when differentiated into mature goblet cells in 

the presence of methotrexate, are able to form tight junctions, develop a confluent 

monolayer, and, most importantly, secrete a robust mucus lining [13, 14]. When co-

cultured with Caco-2 cells, these Caco-2/HT29-MTX cell monolayers provide a more 

accurate model of the intestinal epithelial layer with monolayer permeability closer to 

those observed in the upper small intestine and more accurately predict the corresponding 

drug transport through it [3, 13, 15-19]. It is of particular importance to have the 

permeability of the intestinal cell model match that seen in vivo when considering the 

transport of paracellularly (or passively) transported therapeutics, such as hGH and many 

other proteins that exhibit low absorption across the intestinal epithelial lining.  

 

In this chapter, we report on the utilization of Caco-2 and HT29-MTX cell lines in two 

studies to evaluate the in vitro performance of the P((MAA-co-NVP)-g-EG) hydrogels. 

First, the cytocompatibility of the hydrogel system was determined by measuring the 
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effects on cellular proliferation and cell membrane integrity in the two model cell lines 

after exposure to the hydrogel. The effects of crosslinking density and length, as well as 

the presence or absence of PEG-tethers were also assessed. Next, Caco-2/HT29-MTX co-

cultured monolayers were used as a drug absorption model to measure the apparent 

permeability of hGH alone or in the presence of P((MAA-co-NVP)-g-EG) hydrogel 

microparticles. These studies provided insight into the behavior of the P((MAA-co-

NVP)-g-EG) hydrogel system and if it exhibits either deleterious of beneficial effects on  

cytocompatibility and drug transport in a relevant in vitro model.  

6.2 MATERIALS AND METHODS  

6.2.1 General Cell Culture  

Caco-2 colon adenocarcinoma cells (American Type Culture Collection, Rockwell, MD) 

and HT29-MTX methotrexate-differentiated human goblet cells (a generous gift from Dr. 

Thecla Lesuffluer, INSERM, Paris, France) were used in this research. Both cell lines 

were cultured in high-glucose Dulbecco’s Modified Eagle’s Media (DMEM; Sigma 

Aldrich, St. Louis, MO) supplemented with 10% (v/v) heat-inactivated Fetal Bovine 

Serum (FBS; USDA-tested, Fisher Scientific, Waltham, MA), 1% (v/v) L-glutamine (L-

glu; Corning Inc., Corning, NY), and 1% (v/v) of an antibiotic solution consisting of 

10000 U/mL penicillin and 10 mg/mL Streptomycin (P-S; Fisher Scientific, Waltham, 

MA).  
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Cells were grown in T-75 flasks (Corning Inc., Corning, NY) and maintained in a 

humidified environment at 37oC and 5% CO2. Media was refreshed every 72 hours. Cells 

were passaged upon achieving 80-90% confluence. To sub-culture, cells were rinsed 

twice with 5-10 mL of Dulbecco’s Phosphate Buffered Saline without calcium, 

magnesium, or phenol red (DPBS; Fisher Scientific, Waltham, MA), then exposed to 5 

mL of warmed trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO) and allowed to 

incubate for 8-10 minutes at 37oC. Once the cells were adequately detached from the cell 

culture surface, as confirmed by visual inspection, the trypsin was deactivated with the 

addition of a 2X volume of DMEM (+10% FBS, 1% L-glu, and 1% P-S). The cell 

solution was aspirated into a 15 mL centrifuge tube and spun down at 100xg for 4.5 

minutes. After centrifugation, the supernatant was aspirated and the pellet was 

resuspended in 5 mL of fresh DMEM (+10% FBS, 1% L-glu and 1% P-S). The cells 

were plated into T-75 flasks at a 1:2-1:6 subcultivation ratio and appropriately diluted 

with DMEM (+10% FBS, 1% L-glu, and 1% P-S). Caco-2 cells between passages 65-80 

and HT29-MTX cells between passages 10-20 were used for all in vitro experiments.  

6.2.2 In Vitro Cytocompatibility  

6.2.2.1 Preparation of Caco-2 Cytocompatibility Experiments  

Cell culture-treated 96-well polystyrene plates (Corning Inc., Corning, NY) were coated 

with a 1:100 DPBS:fibronectin (Sigma-Aldrich, St. Louis, MO) solution for 1 hour at 

room temperature. After incubation, the fibronectin solution was aspirated and each well 

was rinsed with DPBS. Caco-2s underwent the same sub-culturing procedures described 
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above (Section 6.2.2) but were resuspended in DMEM without phenol red (Sigma-

Aldrich, St. Louis, MO) supplemented with 10% FBS, 1% L-glu and 1% P-S. The cells 

were seeded at 70,000 cells/well and allowed to grow for 24-48 hours until they reached a 

confluence of 80-90%.  

 

Solutions of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) microparticles (30-45 μm) 

with 1% TEGDMA, 1% PEGDMA400, 1.25% TEGDMA and 1.25% PEDGMA400 

crosslinking ratios were prepared at 5 mg/mL in DMEM w/o phenol red (+10% FBS, 1% 

L-glu, and 1% P-S), vortexed, and incubated overnight at 4oC. After the overnight 

incubation, the microparticle solutions were heated to 37oC and a serial dilution was 

performed to yield microparticle solutions at 5, 2.5 and 1.25 mg/mL concentrations. All 

solutions were kept at 37oC until plating.  

6.2.2.2 Preparation of HT29-MTX Cytocompatibility Experiments  

Cell culture-treated 96-well polystyrene plates (Corning Inc., Corning, NY) were coated 

with a 1:100 DPBS:fibronectin (Sigma-Aldrich, St. Louis, MO) solution for 1 hour at 

room temperature. After incubation, the fibronectin solution was aspirated and each well 

was rinsed with DPBS. HT29-MTX cells underwent the same sub-culturing procedures 

described above (Section 6.2.1) but were resuspended in DMEM without phenol red 

(Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS, 1% L-glu and 1% P-S. 

The cells were seeded at 70,000 cells/well and allowed to grow for 24-48 hours until they 

reached a confluence of 80-90%.  
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Solutions of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) microparticles (30-45 μm) 

with 1% TEGDMA, 1% PEGDMA400, 1.25% TEGDMA and 1.25% PEDGMA400 

crosslinking ratios were prepared at 5 mg/mL in DMEM w/o phenol red (+10% FBS, 1% 

L-glu, and 1% P-S), vortexed, and incubated overnight at 4oC. After the overnight 

incubation, the microparticle solutions were heated to 37oC and a serial dilution was 

performed to yield microparticle solutions at 5, 2.5 and 1.25 mg/mL concentrations. All 

solutions were kept at 37oC until plating.  

6.2.2.3 MTS Cellular Proliferation Assay 

The growth media was carefully aspirated from all wells and replaced with 100 μL of 

either DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S) as a positive control, 

KDAlert Lysis Buffer (Fisher Scientific, Pittsburgh, PA) as a negative control, or 

microparticle suspensions at 5, 2.5 or 1.25 mg/mL concentrations. The plate was returned 

to the incubator and allowed to incubate for 6 hours in a humidified environment at 37oC 

and 5% CO2. The proliferation of the cells after exposure to the hydrogel microparticles, 

an indicator of overall cell health, was measured using the CellTiter 96 AQueous One 

Solution Cell Proliferation Assay (Promega Corporation, Madison, WI). To do so, each 

well 20 μL of assay media was added to each well and the plate was returned to the 

incubator for an additional 1.5 hours. After incubation, the absorbance of the plate was 

measured at both 490 and 690 nm.  
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The relative cellular proliferation was calculated by first subtracting the background 

absorbance and then normalizing it to the average absorbance of the positive control 

using the following equation:  

 

𝐴!"#$%& =
!!"#!!!"#

!!"#$%$&'  !"#$%"!
        (Equation 6-1) 

6.2.2.4 Lactase Dehydrogenase Cell Membrane Integrity Assay  

The growth media was carefully aspirated from all wells and replaced with 100 μL of 

either DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S) or microparticle 

suspensions at 5, 2.5 or 1.25 mg/mL concentrations. The plate was returned to the 

incubator and allowed to incubate for 6 hours in a humidified environment at 37oC and 

5% CO2. The integrity of the cell membranes after exposure to the hydrogel 

microparticles, an indicator of overall cell health, was measured using the 

Promega™CytoTox-ONE™Homogeneous Membrane Integrity Assay (Promega 

Corporation, Madison, WI). The plates were removed from the incubator and 2 μL of 

lysis solution (provided in the kit) was added to each of the maximum LDH release well. 

The plates were equilibrated to room temperature. The CytoTox-ONE™reagent was 

prepared and 100 μL was added to all experimental wells. The plate was shaken gently 

for 30 seconds to ensure completely mixing of the reagent and supernatant and then 

allowed to incubate for 10 minutes at room temperature. Ten microliters of stop solution 

was then added to each experimental well and the plate was shaken gently for 10 seconds. 

Because the LDH assay relies on fluorescence measurements, 100 μL of supernatant was 
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carefully aspirated into a black 96-well polystyrene plate. The plate was then read at an 

excitation of 560 nm and an emission of 590 nm.  

 

The cell viability was calculated by first subtracting the average fluorescence values of 

the culture medium background (media not in the presence of any cells). Next, the 

average maximum LDH release (lysis control) and minimum LDH release (media 

control) were calculated (n=6). Finally, the % cell viability of each experimental well was 

calculated using the following equations:  

 

%  𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 = 100 ∗ (!"#$%&'$()*+  !"#$%!!"#  !"#  !"#"$%")
(!"#  !"#  !"#"$%!!!"#  !"#  !"#"$%")

    (Equation 6-2) 

 

%  𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 100−%  𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦      (Equation 6-3) 

6.2.3 Transport Studies 

6.2.3.1 Caco-2/HT29-MTX Co-Culture  

Corning Costar™ 12mm Transwell® plates with 0.4 μm pore polycarbonate membrane 

inserts and a growth area of 1.12 cm2 were used for all transport studies. Caco-2 and 

HT29-MTX cells underwent a sub-culturing procedure (as previously described) and 

were counted using a handheld Scepter™ cytometer (Merck Millipore, Billerica, MA) 

fitted with 60 μm sensor tips.  
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The cells were diluted with DMEM (+10% FBS, 1% L-glu, and 1% P-S), mixed at a 1:1 

ratio of Caco-2:HT29-MTX and seeded at 1 x 105 cells/well (4.0 x 105 cells/mL or 8.93 x 

104 cells/cm2) [20]. The cells were allowed to adhere to the Transwell® membrane 

without disruption for 72 hours before the first media change. After 3 days, the media 

was carefully aspirated from the apical and basolateral sides with vacuum aspiration and 

replaced with fresh warmed DMEM (+10% FBS, 1% L-glu, and 1% P-S) at volumes of 

0.5 mL and 1.5 mL for the apical and basolateral sides, respectively. The plates were 

returned to the incubator and, then, after two hours, the transepithelial electrical 

resistance (TEER) was measured with an EVOM volt-ohm meter and a chopstick 

electrode (World Precision Instruments, Sarasota, FL). The cells were then allowed to 

culture for an additional 18-21 days for a total of 21-24 days with media changes and 

TEER measurements every other day.  The plates were maintained in a humidified 

environment at 37oC and 5% CO2.  

 

TEER was used to track the development of the tight junctions and to provide a 

quantitative measurement for the integrity of the Caco-2/HT29-MTX monolayer. To 

obtain the TEER value of the membrane, Rmembrane, equation (6-4) was used:  

 

𝑅!"!#$%&" =   𝑅!"#$%&"' − 𝑅!"#$%       (Equation 6-4) 

 

where Rmeasured is the experimentally measured TEER value 2 hours after media change 

and Rblank is the TEER value of the Transwell® membrane in the presence of media at 
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37oC before the addition of cells. The chopstick electrode was equilibrated in warmed 

media before measuring the TEER. Figure 6-2 shows the Transwell® setup co-culture 

and TEER evaluation.  

6.2.3.2 Effect of Microparticles on Tight Junction Integrity 

It has been hypothesized that the ability of methacrylic acid containing hydrogels to 

chelate calcium ions has contributed to the transient opening of the tight junction 

complex when in the presence of P(MAA-g-EG) and P(MAA-co-NVP) hydrogel 

microparticles [21]. Furthermore, the ability of the hydrogels to chelate calcium has also 

been shown to inhibit the enzymatic activity of trypsin and α-chymotrypsin [21, 22]. To 

investigate this further two experiments were performed. The first, a calcium depletion 

study, was performed to confirm that in the absence of calcium, the Caco-2/HT29-MTX 

monolayer would experience a decrease in TEER. The second, was to observe if, and at 

which concentration, the microparticles would have an effect on the TEER.  

6.2.3.2.1 Calcium Depletion  
 
To verify the sensitivity of the mature Caco-2/HT29-MTX monolayer to lack of calcium 

ions, a brief calcium depletion study was performed. Cells were cultured and prepared as 

described above. After the 21-24 day culture period, the media was carefully aspirated 

from the apical and basolateral sides of the Transwell® plate. The plates were washed 

twice with Dulbecco’s Phosphate Buffered Saline without calcium, magnesium or phenol 

red (DPBS; Fisher Scientific, Waltham, MA). A final volume of prewarmed DPBS (w/o 

calcium, magnesium or phenol red) was added to the apical (0.5 mL) and basolateral (1.5 
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mL) sides of a Transwell®. The plate was placed in the incubator and maintained at 37oC 

and 5% CO2. At 15, 30, 60, and 120 minutes, the plate was removed from the incubator 

and the TEER values were measured and recorded. At 240 minutes, the TEER values 

were recorded and the DPBS was carefully aspirated and then replaced with prewarmed 

DMEM (+10% FBS, 1% L-glu, 1% P-S). After an additional 60-minute incubation in 

DMEM, the final TEER values were recorded.  

6.2.3.2.2 Effect of Microparticle Concentration on TEER values/tight junction integrity   

The effect of microparticle concentration on tight junction integrity was investigated in 

the absence of an active drug. Cells were cultured and prepared as described above. 

Solutions of hydrogel microparticles of the following formulations P((MAA-co-NVP)-g-

EG) 1% TEGDMA, P(MAA-co-NVP) 1% TEGDMA, P((MAA-co-NVP)-g-EG) 1% 

PEGDMA400 and P(MAA-co-NVP) 1% PEGDMA400 (30-45 μm in diameter) were 

prepared at 3.5 mg/mL, 1.75 mg/mL, and 0.875 mg/mL in an 0.25 mg/mL BSA solution 

in HBSS and warmed to 37oC for at least 30 minutes. TEER was measured prior to the 

start of the experiment. The media was carefully aspirated from the apical and basolateral 

sides of the Transwell® plates containing the mature Caco-2/HT29-MTX monolayers. 

The plates were washed twice with DPBS (w/o calcium, magnesium, and phenol red). To 

the apical sides of the wells, 3.5 mg/mL, 1.75 mg/mL, or 0.875 mg/mL of the hydrogel 

microparticle solutions were added. The basolateral sides of the wells were filled with 1.5 

mL of the HBSS/BSA solution. The TEER values were measured at 15, 30, 60, 120, and 

180 minutes after particle addition. At 180 minutes, the apical and basolateral volumes 
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were aspirated and replaced with DMEM (+10% FBS, 1% L-glu, and 1% P-S). A final 

TEER measurement was taken 24 hours after removal of the hydrogel microparticles 

from the cell monolayers.   

6.2.3.3 hGH Transport Study Sink Conditions 

Transport studies were completed to evaluate the ability of human growth hormone to 

traverse a model epithelial layer both in the presence and absence of hydrogel 

microparticles.  To begin, a 0.5 mg/mL bovine serum albumin (BSA; Sigma-Aldrich, St. 

Louis, MO) solution was prepared in Hank’s Balanced Salt Solution with calcium and 

magnesium and without phenol red (HBSS; GE Healthcare Hyclone Laboratories, Logan, 

UT) and then warmed to 37oC. The seeded Transwell® plates with matured Caco-

2/HT29-MTX monolayers were removed from the incubator, the media was carefully 

aspirated from the apical and basolateral sides of all wells and replaced with the 

HBSS/BSA solution after being rinsed twice to remove any remaining media. The plates 

were allowed to incubate with the HBSS/BSA solution at 37oC for one hour to prevent 

non-specific adsorption of hGH to the surface of the Transwell® during the study.  

 

While the plate was incubated, an hGH/HBSS solution was prepared by dissolving 

lyophilized rhGH (Biovision, Milpitas, CA) into sterile HBSS (with Ca2+ and Mg2+ and 

without phenol red) at a concentration of 0.1 mg/mL. Hydrogel microparticles of the 

following formulations:  P((MAA-co-NVP)-g-EG) 1% TEGDMA, P(MAA-co-NVP) 1% 

TEGDMA, P((MAA-co-NVP)-g-EG) 1% PEGDMA400 and P(MAA-co-NVP) 1% 
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PEDGMA400 (30-45 μm in diameter) were weighed out into 15 mL Nunc® conical 

centrifuge tubes and exposed to UV light in the laminar flow hood for 15 minutes. After 

sterilization, the microparticles were suspended in HBSS/BSA at a concentration of 1.75 

mg/mL. Both the hGH/HBSS and particle/HBSS/BSA solutions were kept at 37oC.  

 

After incubation in the HBSS/BSA solution, the TEER values of the plates were 

measured. In fresh 12-well plates already containing 1.5 mL of HBSS/BSA, Transwell® 

inserts at similar TEER values (+/- 50-75 Ω) were snapped into place. The apical volume 

was carefully aspirated and replaced with one of the following solutions:  

 

1. 0.1 mg/mL hGH and 0.5 mg/mL BSA solution in HBSS    

2. 1.75 mg/mL particle, 0.1 mg/mL hGH, and 0.5 mg/mL BSA solution in HBSS  

3. 0.5 mg/mL BSA solution in HBSS  

 

To yield the following final conditions:  

 

1. 0.05 mg/mL hGH and 0.25 mg/mL BSA solution in HBSS 

2. 0.875 mg/mL particle, 0.05 mg/mL hGH, and 0.25 mg/mL BSA solution in HBSS 

3. 0.25 mg/mL BSA solution in HBSS  

 

The plates were returned to the incubator and maintained at 37oC for 15 minutes. At 15, 

30, 60, and 120 minutes the plates were removed from the incubator, the TEER was 
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measured, and the Transwell® inserts were moved to fresh 12-well plates with a pre-

filled 1.5 mL basolateral volume. The entire basolateral volume was collected for 

analysis. At 180 minutes, the plates were removed from the incubator, the basolateral and 

apical volumes were collected, and the volume replenished with fresh prewarmed DMEM 

(+10% FBS, 1% L-glu, 1% P-S). The TEER was measured at 24 hours after experimental 

conclusion to determine if the monolayer recovered its original TEER values. The 

collected solutions were analyzed for growth hormone content with an rhGH ELISA 

(Anogen, Mississauga, Ontario, Canada) according to the manufacturer’s instructions.   

 

The apparent permeability coefficient, Papp, was calculated using the following equation:  

 

𝑃!"" =
!"
!"
∙ !
!∙!!

         (Equation 6-5) 

 

where dQ/dt is the steady-state flux of hGH across the cellular membrane, i.e. the 

cumulative ng transported over time, A is the surface area of the membrane, and C0 is the 

initial apical concentration of hGH. The flux dQ/dt was taken as the slope of the linear 

curve fitted to the cumulative hGH (ng) transported vs. time data.   

6.2.3.4 hGH Transport Study Non-Sink Conditions  

The transport studies performed in non-sink conditions were prepared as detailed above 

in section 6.2.3.4. After addition of particle, protein/particle, and BSA/HBSS solution the 

plates were returned to the incubator and maintained at 37oC for 15 minutes. At 15, 30, 
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60, and 120 minutes the plates were removed from the incubator and the TEER was 

measured. Additionally, 0.5 mL of sample was withdrawn from the basolateral well and 

collected for analysis. The volume was replenished with 0.5 mL of prewarmed 

HBSS/BSA. At 180 minutes, the plates were removed from the incubator, the entire 

basolateral and apical volumes were collected, and the volume replaced with fresh 

prewarmed DMEM (+10% FBS, 1% L-glu, 1% P-S). The TEER was measured at 24 

hours after experimental conclusion to determine if the monolayer recovered its original 

TEER values. The collected solutions were analyzed for growth hormone content with an 

rhGH ELISA (Anogen, Mississauga, Ontario, Canada) according to the manufacturer’s 

instructions. Apparent permeability values were calculated as described in Equation 6-5.  

6.3 RESULTS AND DISCUSSION 

6.3.1 Cytocompatibility  

Cytocompatibility of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels were 

evaluated in two model cell lines: a Caco-2 colon adenocarcinoma cell line representing 

the absorptive epithelial cells of the gastrointestinal tract [6] and HT29-MTX mature 

differentiated goblet cells representing the mucus-secreting cells of the GI tract [13]. The 

effects of hydrogel microparticles on both cellular proliferation and cell membrane were 

investigated using commercially available cell viability assays.  
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6.3.1.1 Caco-2 Cytocompatibility  

 
Caco-2 cells exposed to P((MAA-co-NVP)-g-EG) microparticle solutions of varying 

crosslinking lengths and densities ranging from 1.25-5 mg/mL exhibited a concentration 

dependent decrease in cellular proliferation. As shown in Figure 6-3, the cellular 

proliferation normalized to the positive control decreased from 85-100% at 1.25 mg/mL 

to 60-65% at 5 mg/mL. This behavior was consistent between all hydrogel formulations 

regardless of crosslinking density and length. A level of 80% relative proliferation was 

set as an acceptable threshold to indicate cellular compatibility with the biomaterial. For 

all formulations, the relative proliferation levels were above this critical threshold for 

concentrations below 5 mg/mL after a 6-hour exposure to 30-45 μm microparticles. At 5 

mg/mL, a significant drop in relative proliferation occurred, which indicates that the 

hydrogel material is having a deleterious effect on cellular behavior after this duration of 

exposure.  

 

This reduction in cellular proliferation at increasing concentration has been attributed to 

the presence of the ionizable methacrylic acid groups which, when deprotonated, can 

chelate the positively charged calcium ions necessary for cellular function [23]. The 

decrease in viability can also be attributed to the methacrylic acid containing hydrogels 

dropping the pH of the cell culture media in the constrained volume of the cell culture 

well [19]. This effect is likely an artifact of the cell culture environment and would not 

translate to the in vivo environment of the gastrointestinal tract, which is highly dynamic 
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and has constant liquid replacement [24]. These results agree with the published results 

by both Knipe et al. and Carr et al., which show that P(MAA-co-NVP) hydrogel 

microparticles are not toxic to Caco-2 cells at concentrations lower than 5 mg/mL, but 

show a decrease in cellular proliferation at concentrations greater than 5 mg/mL [18, 25]. 

Similarly, P(MAA-g-EG) hydrogels exhibit decreased cellular proliferation at increasing 

concentrations [19, 21, 23, 26].  However, the onset of cytotoxicity occurred at a slightly 

higher hydrogel concentration, specifically, at 10 mg/mL [21].  

 

The concentration dependent trend on cellular proliferation rate is also exhibited in both 

PEG-tether-containing, P((MAA-co-NVP)-g-EG), and non-PEG-tether-containing, 

P(MAA-co-NVP), hydrogel formulations at concentrations ranging from 2.5 – 0.625 

mg/mL (Figure 6-4). At concentrations below 2.5 mg/mL, relative proliferation levels of 

all formulations were above 80%. Interestingly, at the lowest concentration, the relative 

proliferation rates were at or above 100%, which can be attributed to the low cytotoxicity 

of the formulations and the error of the MTS assay [21]. The cells exposed to the 2.5 

mg/mL concentration of hydrogel microparticles all show a decrease in relative 

proliferation with the P((MAA-co-NVP)-g-EG) 1% TEGDMA and P((MAA-co-NVP)-g-

EG) 1% PEGDMA400 dropping just below the 80% threshold. This decrease in 

proliferation was also seen in P((MAA-co-NVP)-g-EG) 1% TEGDMA and 1% 

PEGDMA400 formulations in Figure 6-3, but the relative proliferation still remained 

slightly above the 80% cutoff.  
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The P((MAA-co-NVP)-g-EG) formulations, therefore, have the potential of negatively 

impacting cellular proliferation at concentrations at or above 2.5 mg/mL. Conversely, the 

P(MAA-co-NVP) formulations do cause a decrease in relative cellular proliferation at 2.5 

mg/mL concentrations but do not drop the level below the 80% threshold. This behavior 

can likely be attributed to the PEG tethers which, when extended, can interact with the 

cells and potentially cause the observed effect on the cellular proliferation [23, 27]. 

Additionally, the reported results in literature for both P(MAA-co-NVP) and P(MAA-g-

EG) hydrogel formulations only expose the Caco-2 cells to the microparticles for 2 hours 

[18, 19, 21, 23, 25, 26]. The studies completed herein increased the incubation time from 

2 to 6 hours to more accurately reflect the upper limit of time a microparticle would 

interact with the mucus lining and, more specifically, the intestinal epithelial layer in the 

gastrointestinal tract, before mucus turnover would cause the adhered microparticles to be 

sloughed off into the intestinal lumen [5, 24, 28].  

 

In addition to investigating the effects of hydrogel microparticles on cellular 

proliferation, the effects on cellular membrane integrity were also explored. An LDH cell 

membrane integrity assay was used. This assay measures the levels of the lactose 

dehydrogenase (LDH) enzyme, an enzyme found exclusively in the cytosol of the cell. If 

the membrane has been disrupted, the LDH enzyme leaches out into the exterior media 

volume, which then converts resazurin into a fluorescent resorufin molecule detectable by 

a fluorimeter [29]. The P((MAA-co-NVP)-g-EG) hydrogel microparticles of varying 

crosslinking lengths and densities were shown in Figure 6-5 to have no significant release 
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of lactose dehydrogenase (LDH) enzyme and, therefore, no cell membrane disruption. 

The presence or absence of PEG tethers also has no apparent effect on cell membrane 

integrity (Figure 6-6) regardless of concentration.  

 

P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel formulations have shown 

minimal toxicity to Caco-2 cells at concentrations at or below 2.5 mg/mL. This upper 

limit of tolerated hydrogel microparticles sets a maximum particle dose that can 

potentially be delivered orally without a toxic effect. The lack of significant deleterious 

effect on cellular proliferation and no membrane disruption activity suggests that the 

P((MAA-co-NVP)-g-EG) hydrogels are suitable candidates for oral protein delivery.  

6.3.1.2 HT29-MTX Cytocompatibility 

HT29-MTX cells represent the goblet cells, or mucus-secreting cells, of the 

gastrointestinal tract and are the second most populous cell type therein [1, 13, 30]. Due 

to the mucoadhesive nature of the MAA- and PEG-based hydrogel microparticles [31-

34], it is important to investigate the interaction between these hydrogel systems and this 

mucus-secreting intestinal cell line to ensure there are no additional cytotoxic effects.  

 

P((MAA-co-NVP)-g-EG) hydrogel formulations with varying crosslinking density and 

length when exposed to HT29-MTX cells exhibit minimal-to-no decrease in cytotoxicity 

at concentrations at and below 2.5 mg/mL (Figure 6-7). At 5 mg/mL, some appreciable 

decrease in relative cellular proliferation occurs for all formulations with the 1% 
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TEGDMA formulation dropping below 80%. This behavior is similar to the trends 

observed for Caco-2 cells with the 5 mg/mL concentration resulting in a significant drop 

in relative cellular proliferation. These results agree with the published results showing 

that when incubated with HT29-MTX cells for 6 hours, P(MAA-g-EG) hydrogel 

formulations do not induce cytotoxicity until at a concentration of 5 mg/mL [35].  

 

When comparing P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel formulations 

(Figure 6-8) they obey similar trends as seen in Figure 6-4 with the Caco-2 cells, namely, 

at concentrations less than 2.5 mg/mL, the microparticles exhibit no cytotoxicity. At 2.5 

mg/mL concentrations, the poly(ethylene glycol)-containing hydrogels drop the relative 

proliferation below 80%. This behavior can be attributed to the PEG tethers interacting 

either directly with the HT29-MTX cells or with the mucus lining secreting by the cells 

[23, 27].   

 

While some effects on HT29-MTX cellular proliferation occur in the presence of 

P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel formulations at concentrations 

at or higher than 2.5 mg/mL, the effect on cell membrane integrity was still investigated. 

Using the LDH membrane integrity assay, it was shown that regardless of hydrogel 

monomer composition or crosslinking length or density there was no perturbation of the 

cell membrane relative to the positive control (Figures 6-9 and 6-10). These results are 

encouraging and suggest that both the P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 

are promising carriers for oral protein delivery.  
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6.3.2 Transport Studies  

6.3.2.1 Co-culture evaluation 

hGH transport studies were performed to investigate the ability of P((MAA-co-NVP)-g-

EG) to effect the transport and permeability of hGH across a model intestinal epithelial 

layer.  The Caco-2/HT29-MTX co-culture was selected for all in vitro analyses as it more 

accurately represents the in vivo intestinal epithelial layer than the Caco-2 monolayer 

alone [3, 15, 17, 19]. Specifically, the co-culture model exhibits the following beneficial 

characteristics when compared to the Caco-2 monoculture: 

 

1. Decreased transepithelial resistance to more closely mimic small intestinal 

conditions [4, 15, 36]  

2. A secreted mucus layer that provides an additional and more physiologically 

relevant barrier to drug absorption across the intestinal epithelial layer [4] 

3. Provides a model barrier to drug delivery that includes two of the predominant 

cell types of the gastrointestinal tract, an absorptive epithelial cell and a mucus-

secreting goblet cell [1, 3] 

 

After 17-21 days in culture, the measured TEER values for the Caco-2/HT29-MTS co-

culture ranged from 297 ± 37 Ω�cm2 (Figure 6-11). These values are slightly higher than 

those reported by Wood et al., at 157 ± 36 Ω�cm2, but lower than those reported by 

Walter, et al. with TEER values closer to 400 Ω�cm2 after 21 days of culture [15, 19]. 

The measured values and reported literature values are still slightly higher than the TEER 
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values of the small intestinal, which range from 50-100 Ω�cm2 [19, 36, 37]. It is 

important to note that changes in media composition, seeding density, culture time, and 

cell passage can all have a significant effect on monolayer behavior [17, 36]. Although it 

is critical to as closely match the in vivo environment as possible to ensure accurate 

predictions of drug permeability, even when the TEER values of Caco-2/HT29-MTX co-

cultures are closer to in vivo levels, the co-cultures still have a tendency to underestimate 

the permeability of a variety of drug compounds [15].  Therefore, being within the range 

of reported values was sufficient to proceed with analyses using these co-cultured 

monolayers.  

6.3.2.2 Effect of Microparticles on Tight Junction Integrity 

The tight junctions between the cells of the intestinal epithelial lining are highly sensitive 

to extracellular calcium (Ca2+) concentration [38]. The removal of Ca2+ from this 

environment can have both transient effects on tight junction leakiness or permeability 

and long-term effects on overall cell health [26, 38-40]. When Caco-2/HT29-MTX 

monolayers were exposed to calcium deficient media (Dulbecco’s Phosphate Buffered 

Saline w/o Ca2+ and Mg2+, Fisher Scientific, Waltham, MA), a significant drop in TEER 

values occurred (Figure 6-12). Within 60 minutes, the TEER decreased to 80% of its 

original value and, after 240 minutes of calcium depletion, the TEER values were at just 

60% of the original value. Upon removal of the DPBS w/o Ca2+ and Mg2+ and 

replacement with fresh DMEM, the TEER values began to recover. In similar studies 

performed by Wood et al., the Caco-2/HT29-MTX monolayers made a full recovery to 
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their original TEER values between 12-24 hours after removal of calcium deficient media 

[19].  

 

P(MAA-g-EG) hydrogel formulations have been reported as inducing similar drops in the 

TEER values of in Caco-2 monocultures [23, 26, 41, 42]. This effect on TEER has been 

attributed to the ability of P(MAA-g-EG) hydrogels, when swollen and possessing 

deprotonated pendant carboxylic acid molecules, to chelate the calcium ions in solution 

[26, 41, 42]. To observe if this effect is maintained with the P((MAA-co-NVP)-g-EG) 

hydrogel system in the Caco-2/HT29-MTX co-culture, formulations were incubated with 

mature monolayers at 0.875, 1.75 and 3.5 mg/mL concentrations for 3 hours. As shown 

in Figure 6-13, regardless of concentration and formulation, no drop in the TEER values 

occurred. Carr et al., reported a similar phenomenon with Caco-2 monolayers not 

displaying any drop in TEER in the presence of P(MAA-co-NVP) hydrogel 

microparticles. If calcium chelation potential is the primary means by which these 

hydrogels induce the decrease in TEER, then the decreased methacrylic acid 

incorporation in P(MAA-co-NVP) (~50-60%) [25] as compared to P(MAA-g-EG) 

(~95%) [35] could be responsible. As previously discussed, the P((MAA-co-NVP)-g-EG) 

hydrogels contain approximately 45-60% MAA in the hydrogel backbone, which 

significantly reduces its calcium chelation potential.  

 

Another possible reason for this lack of monolayer perturbation may be ascribed to the 

difference between the monoculture and co-culture. Wood et al., observed that P(MAA-
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g-EG) microparticles were successful in decreasing the TEER values in a Caco-2 

monoculture, they were not able to significantly reduce the TEER in the Caco-2/HT29-

MTX co-culture [19]. Two primary reasons for this behavior were provided, 1) the mucus 

layer inhibited calcium transport from basolateral to apical side, which would otherwise 

result in a calcium-deficient basolateral side and a significant impact on tight junction 

integrity [19, 26, 43] and 2) the Caco-2/HT29-MTX co-culture already has substantially 

reduced TEER, so the percentage decrease in TEER would be smaller and harder to 

capture or potentially not significant [19]. This lack of effect on permeability of the 

P((MAA-co-NVP)-g-EG) hydrogels may have implications for their ability to improve 

transport of model protein therapeutics across a Caco-2/HT29-MTX co-culture 

monolayer.  

6.3.2.3 hGH Transport 

The cumulative hGH transport over time in non-sink conditions is shown in Figure 6-14. 

The hGH levels increased linearly for ~60 minutes but then begin to plateau, yielding a 

non-linear curve of cumulative hGH transport over time. This non-linearity was initially 

attributed to sink conditions no longer being fulfilled (basolateral concentration > 10% of 

apical concentration) as the hGH concentration of the basolateral compartment increased 

over time [10]. However, the basolateral concentration was determined to only be 0.5-

1.4% of the apical concentration (C0 = 0.05 mg/mL) at 120 minutes, where the plateau 

appears, which is less than the 10% of apical concentration needed to eliminate sink 

conditions.  
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This plateau in drug transport over time can also occur if there is saturation of the 

transporters in active cellular transport processes [10, 35]. This saturation occurs if the 

initial apical concentration of drug is too high and overwhelms the transport molecules on 

the cell surface. However, this requires that the therapeutic undergo an active 

transcellular transport process, whereas hGH, insulin and other proteins, such as Factor 

IX, undergo passive paracellular transport [41, 44, 45]. Therefore, the plateauing 

behavior seen in Figure 6-14 can be attributed to neither non-sink conditions being 

achieved nor active transporter saturation.  

 

Upon revisiting the transport conditions, another effect was uncovered that could have 

resulted in the non-linearity of the hGH transport. Blanchette et al. described this effect 

where the apical conditions used in the transport studies are similar to those used for 

diffusion-based drug loading and, therefore, there will be some drug loaded into the 

microparticles [46]. This will reduce the amount of protein available to be transported 

across the cellular monolayer and, subsequently, reduce the basolateral concentration 

needed to no longer fulfill sink conditions. Therefore, the observed plateau in Figure 6-14 

is most likely due to sink conditions no longer being fulfilled in the basolateral chamber 

after the apical concentration decreased from hGH loading into the swollen 

microparticles. Unfortunately, if sink conditions are not maintained, Equation 6-4 can no 

longer be used to calculate the apparent permeability of the hGH across the Caco-

2/HT29-MTX monolayers [10].  
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Therefore, in order to probe the effect of microparticle presence and composition a 

modified transport protocol was implemented to insure sink conditions are maintained. In 

this modified method, instead of sampling the basolateral volume and replacing the 

volume, the entire basolateral volume is removed and replaced at each time point. Figure 

6-15 shows the cumulative hGH transport over time in the modified sink conditions. The 

resulting curves were linear and when fitted with a linear trend line showed moderate-to-

good fit (R2 = 0.95-0.99). The resulting apparent permeability values, calculated with 

Equation 6-4, are plotted in Figure 6-16 and shown in Table 6-1.  

 

The apparent permeability of hGH alone (Papp = 5.25 ± 0.25 x 10-8 cm/s) matches closely 

with values of hGH permeability across Caco-2 monolayers reported in literature [44, 

45]. Interestingly, the Papp does not appear to have increased when measured across the 

more permeable Caco-2/HT29-MTX co-cultured monolayer. As shown by Hilgendorf et 

al., the increase in Papp of a drug across a Caco-2/HT29-MTX co-cultured monolayer 

versus a Caco-2 monocultured monolayer ranged from 18-fold (terbutaline) to 13.7-fold 

(mannitol) and depended heavily on the characteristics of the drugs [3]. Wood et al., 

reported only an ~1.8-fold increase in insulin transport between a Caco-2 and a Caco-

2/HT29-MTX monolayer [19]. This modest increase was predominately attributed to the 

size of the insulin molecule relative to the pore size of a tight junction protein. With hGH 

being an even larger molecule (22 kDa versus 5.8 kDa) a more modest increase in 

permeability could be expected [47].  
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In the presence of all tested P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 

formulations, the Papp of hGH increased when compared to the Papp of hGH alone. In both 

P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogels crosslinked with 1% 

TEGDMA, Papp was increased 1.53-fold from 5.65 ± 0.25 x 10-8 cm/s to ~8.04 x 10-8 cm/s 

(p<0.05). P((MAA-co-NVP)-g-EG) 1% PEGDMA400 performed slightly better than the 

1% TEGDMA hydrogels, increasing Papp  1.58-fold to 8.3 ± 0.79 x 10-8 cm/s (p<0.01). 

P(MAA-co-NVP) underperformed when compared to the other hydrogel formulations, 

but still improved Papp by 1.24-fold to 6.53 ± 0.67 x 10-8 cm/s (p>0.05). None of the 

formulations were statistically significantly different from one another. It is interesting to 

note that these formulations were able to improve hGH permeability although there was 

no significant decrease in TEER values during the experiment (Figure 6-17). This result 

is encouraging in that no detectable disruption of the tight junction complex is occurring 

but an improvement in hGH transport and permeability is still achieved. For a drug 

delivery application this is especially promising because any permanent or transient 

opening of the tight junctions can lead to cell disruption, death, and a potential increase in 

inflammation and infection [19, 40].  

 

The modest improvement of hGH apparent permeability in the presence of anionic 

microparticles (1.24-fold to 1.58-fold) fits with other reported values in literature for 

proteins of different sizes and isoelectric points, as well as with other anionic hydrogel 

formulations. The Papp values of insulin in the presence of P(MAA-g-EG) microparticles 
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has ranged from 1.45-fold increase at the lowest reported values to 8.82-fold increase at 

the highest values when compared to insulin alone, as shown by Ichikawa et al. and 

Wood et al., respectively [19, 26]. Calcitonin when in the presence of itaconic acid and 

NVP hydrogels, P(IA-co-NVP), exhibits a 1.13-fold improvement in Papp as compared to 

calcitonin alone [48], and, in the presence of P(MAA-g-EG) a 2.14-fold improvement 

[41]. Finally, Horava et al., observed a 2.4-fold increase in apparent permeability of 

Factor IX in the presence of P(MAA-g-EG) microparticles as compared to Factor IX 

alone [35].  

 

While the presence of anionic microparticles can have some beneficial impact on the 

delivery of therapeutic proteins across a model intestinal cell layer, other, more 

significant improvements in permeability have been achieved by modifying calcium ion 

concentration [26] and conjugating the therapeutic protein to molecules designed to 

enhance its active transcellular [49]or passive paracellular transport [48]. Specifically, the 

conjugation of salmon calcitonin to a 2kDa PEG chain resulted in an 81-fold increase in 

insulin permeability when alone and a 71-fold increase when in the presence of P(IA-co-

NVP) hydrogels. Koetting et al., attributed this increase exclusively to the presence and 

interaction of PEG chains with the cellular monolayer, instead of to the calcium chelating 

properties of the hydrogel itself [48]. Torres-Lugo et al., also showed significant 

improvement in calcitonin permeability in the presence of PEG nanospheres, and, 

therefore attributed the permeability enhancement of P(MAA-g-EG) to the PEG-chain 

interactions with the monolayer and less so due to calcium chelation [41].  
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In the P((MAA-co-NVP)-g-EG) hydrogels, however, there was no significant 

improvement in hGH permeability over the P(MAA-co-NVP) hydrogels. This is not to 

discount the effect PEG-chains can have on tight junction integrity and protein 

permeability enhancement, but it is likely that in order for PEG to exert this effect it 

needs to be in close contact with the cell monolayer. In the cases described by Koetting 

and Torres-Lugo, the PEG-calcitonin conjugates and PEG-nanoparticles would have 

intimate contact with the cells composing the intestinal epithelial lining. The P((MAA-

co-NVP)-g-EG) hydrogels, particularly in the mucus-secreting HT29-MTX co-culture, 

will likely have increased contact with the mucus-bearing surface but not with the cells 

themselves and, therefore, the effects of the poly(ethylene glycol) tethers are either not 

present, or not significant enough to be detected by TEER measurements.  

6.4 CONCLUSIONS 

P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels exhibited minimal-to-no 

effect on cellular proliferation when incubated at concentrations below 2.5 mg/mL with 

two model intestinal cell lines: Caco-2 and HT29-MTX cell lines. At concentrations at or 

above 2.5 mg/mL, some incidence of decreased cellular proliferation occurred and was 

attributed to either calcium chelation or a decrease in extracellular pH. This was a 

promising result as achieving localized concentrations levels of 2.5 mg/mL or higher 

during in vivo administration would be unlikely. Additionally, while the hydrogel 
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microparticles had a minimal effect on cellular proliferation, no effects on cell membrane 

integrity were observed at concentrations as high as 5 mg/mL.   

 

Co-cultures of Caco-2 and HT29-MTX cells were successfully grown and achieved 

TEER values within the range of reported values in literature. The monolayers showed a 

calcium ion dependent decrease in their TEER, with recovery occurring immediately 

after replenishment with fresh media and achieving 100% of their original value within 

12-24 hours. In the presence of hydrogel microparticles up to 3.5 mg/mL, no decrease in 

TEER was observed. This behavior was similar to reported results by Wood et al. with 

the Caco-2/HT29-MTX co-cultures in the presence of P(MAA-g-EG) hydrogels, which 

showed no significant decrease in TEER [19]. Interestingly, the P((MAA-co-NVP)-g-

EG) and P(MAA-co-NVP) hydrogels, while not able to significantly decrease the TEER 

of the cellular monolayer, still do improve the overall permeability of hGH by 1.24-1.58-

fold over hGH alone.  

 

The permeability values of hGH in the presence of the hydrogels (Papp = 6.53-8.3 x 10-8 

cm/s) are in good agreement with the literature for other similar protein therapeutics. 

However, these permeability values are still quite low when compared to those of 

completely absorbed molecules, Papp ~ 1x10-6 cm/s.  Therefore, future work will need to 

investigate alternative approaches to improve hGH permeability including protein 

conjugation with permeation-enhancing molecules or co-delivery of hGH with 

permeation enhancing molecules.  
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6.5 FIGURES  

 
 

Figure 6-1. The four differentiated cell types found in the intestinal epithelial lining. 
From left to right, (1) Absorptive - the polarized columnar epithelial cell with microvilli 
protrusions (2) Goblet cell - mucus secreting cell (3) Enteroendocrine cell – responsible 
for hormone secretion and GI tract regulation and (4) Paneth cell – immune cell. (Image 
obtained from [1])  
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Figure 6-2. Transwell® setup for Caco-2/HT29-MTX co-culture for TEER evaluation, 
microparticle effect on tight junction integrity and hGH transport studies. (Left) The 
culturing of Caco-2 and HT29-MTX on Transwell® permeable membrane substrates at a 
50:50 ratio (Right) TEER evaluation of monolayer integrity and maturity with a 
chopstick electrode.  

Apical	  
Chamber	  	  

Basolateral	  Chamber	  
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Figure 6-3. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P((MAA-co-NVP)-g-EG) hydrogel microparticles (30-45 μm) 
of varying crosslinking lengths and densities. An MTS proliferation assay was used to 
measure the cellular proliferation of 1% TEGDMA, 1% PEGDMA400, 1.25% 
TEGDMA, and 1.25% PEGDMA400 crosslinked hydrogels, lysis buffer (negative 
control) and media (positive control). All proliferation rates were normalized against the 
positive media control.  (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-4. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel 
microparticles (30-45 μm) of varying crosslinking lengths and densities. An MTS 
proliferation assay was used to measure the cellular proliferation of 1% TEGDMA and 
1% PEGDMA crosslinked hydrogels, lysis buffer (negative control) and media (positive 
control). All proliferation rates were normalized against the positive media control.  
(Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-5. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P((MAA-co-NVP)-g-EG) hydrogel microparticles (30-45 μm) 
of varying crosslinking lengths and densities. An LDH cell membrane integrity assay was 
used to measure the cellular viability of 1% TEGDMA, 1% PEGDMA400, 1.25% 
TEGDMA, and 1.25% PEGDMA400 crosslinked hydrogels, lysis buffer (negative 
control) and media (positive control). All samples were bounded between the maximal 
LDH release (lysis buffer) and minimum LDH release (media) levels. (Samples: N=12 ± 
S.E., Controls: N=18 ± S.E.)  

  

0"

20"

40"

60"

80"

100"

1%"TEGDMA" 1%"PEGDMA400" 1.25%"TEGDMA" 1.25%"PEGDMA400"

%
"V
ia
bi
lit
y"

Hydrogel"FormulaBon"

1.25"mg/mL"

2.5"mg/mL"

5"mg/mL""

Media"

Lysis"Buffer"



207 

 
 

Figure 6-6. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel 
microparticles (30-45 μm) of varying crosslinking lengths and densities. An LDH cell 
membrane integrity assay was used to measure the cellular viability of 1% TEGDMA, 
1% PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 crosslinked hydrogels, 
lysis buffer (negative control) and media (positive control). All samples were bounded 
between the maximal LDH release (lysis buffer) and minimum LDH release (media) 
levels. (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-7. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P((MAA-co-NVP)-g-EG) hydrogel microparticles 
(30-45 μm) of varying crosslinking lengths and densities. An MTS proliferation assay 
was used to measure the cellular proliferation of 1% TEGDMA, 1% PEGDMA400, 
1.25% TEGDMA, and 1.25% PEGDMA400 crosslinked hydrogels, lysis buffer (negative 
control) and media (positive control). All proliferation rates were normalized against the 
positive media control.  (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-8. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 
hydrogel microparticles (30-45 μm) of varying crosslinking lengths and densities. An 
MTS proliferation assay was used to measure the cellular proliferation of 1% TEGDMA 
and 1% PEGDMA crosslinked hydrogels, lysis buffer (negative control) and media 
(positive control). All proliferation rates were normalized against the positive media 
control.  (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-9. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P((MAA-co-NVP)-g-EG) hydrogel microparticles 
(30-45 μm) of varying crosslinking lengths and densities. An LDH cell membrane 
integrity assay was used to measure the cellular viability of 1% TEGDMA, 1% 
PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 crosslinked hydrogels, lysis 
buffer (negative control) and media (positive control). All samples were bounded 
between the maximal LDH release (lysis buffer) and minimum LDH release (media) 
levels. (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-10. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 
hydrogel microparticles (30-45 μm) of varying crosslinking lengths and densities. An 
LDH cell membrane integrity assay was used to measure the cellular viability of 1% 
TEGDMA, 1% PEGDMA400, 1.25% TEGDMA, and 1.25% PEGDMA400 crosslinked 
hydrogels, lysis buffer (negative control) and media (positive control). All samples were 
bounded between the maximal LDH release (lysis buffer) and minimum LDH release 
(media) levels. (Samples: N=12 ± S.E., Controls: N=18 ± S.E.)  
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Figure 6-11. Tracking TEER values after seeding Caco-2/HT29-MTX co-cultures on 
Transwell® supports with 0.4 μm pore polycarbonate membrane inserts and a growth 
area of 1.12 cm2. Growth medium was changed every other day and TEER measured two 
hours thereafter.  (N=12 ± S.D) 
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Figure 6-12. Caco-2/HT29-MTX monolayers after being grown on Transwell® supports 
with 0.4 μm pore polycarbonate membrane inserts and a growth area of 1.12 cm2 for 17 
days were exposed to DPBS without calcium and magnesium for 4 hours. TEER 
measurements were taken over the course of the experiment and plotted as a percentage 
of TEER value at time zero. (n=4 +/- S.D.)   
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Figure 6-13. Effect of hydrogel composition and concentration on the TEER values over 
time in calcium-rich media. P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel 
microparticles crosslinked with either 1% TEGDMA or 1% PEGDMA400 were 
incubated at (top) 3.5 mg/mL, (middle) 1.75 mg/mL and (bottom) 0.875 mg/mL with 
Caco-2/HT29-MTX co-cultures for 240 minutes.  
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Figure 6-14. Cumulative hGH transport versus time completed in non-sink conditions in 
the presence of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel microparticles 
at 1% TEGDMA or 1% PEGDMA400 crosslinking densities. (N=4 ± S.E.) 
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Figure 6-15. Cumulative hGH transport (ng) over time for hGH transport studies 
completed under sink conditions in the presence of P((MAA-co-NVP)-g-EG) and 
P(MAA-co-NVP) hydrogel microparticles at 1% TEGDMA or 1% PEGDMA400 
crosslinking densities. (N=4 ± S.E. for all formulations but P((MAA-co-NVP)-g-EG) 1% 
PEGDMA400 where N=3 ± S.E.) 
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Figure 6-16. Calculated apparent permeabilities, Papp (cm/s), for hGH in the presence of 
P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel microparticles at 1% 
TEGDMA or 1% PEGDMA400 crosslinking densities and in sink conditions. Also 
shown, the Papp for hGH in the absence of any microparticle. (N=4 ± S.E., * p<0.05) 
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Table 6-1.  Apparent permeability, Papp, of hGH in the presence of P((MAA-co-NVP)-g-
EG) and P(MAA-co-NVP) hydrogel microparticles as determined by a 
transport study conducted under sink conditions. hGH levels were measured 
with a high-sensitivity hGH ELISA. (hGH, P((MAA-co-NVP)-g-EG) 1% 
TEGDMA, P((MAA-co-NVP)-g-EG) 1% PEDGMA400, P(MAA-co-NVP) 
1% TEGDMA: N=4 ± S.E., P(MAA-co-NVP) 1% PEGDMA400: N=3 ± 
S.E.).  (Table adapted from K. Wood et al. [19]) 

Transport 
Condition Carrier Size 

(μm) 

Carrier 
Concentratio

n (mg/mL) 
Drug 

Drug 
Concentration 

(mg/mL) 

Calcium 
Concentration (mM) Papp x 108 

(cm/s) Apical Basolateral 

Sink 

P((MAA-co-NVP)-g-EG) 
1% TEGDMA 

30-45 0.875 hGH 0.05 1.26 1.26 

8.05 ± 0.88 

P((MAA-co-NVP)-g-EG) 
1% PEGDMA400 8.31 ± 0.79 

P(MAA-co-NVP) 1% 
TEGDMA 8.04 ± 0.81 

P(MAA-co-NVP) 1% 
PEGDMA400 6.53 ± 0.77 

hGH -- -- hGH 0.05 1.26 1.26 5.25 ± 0.20 
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Figure 6-17. TEER values of Caco-2/HT29-MTX co-cultures during transport studies 
conducted in  (top) sink and (bottom) non-sink conditions in the presence of hGH, 
P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogel formulations. (N=4 ± S.E.)  
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Chapter 7: In Vivo Evaluation of the Safety of pH-Responsive Hydrogel 
Microparticles Administered via the Oral Route 

7.1 INTRODUCTION 

Complexation hydrogels based upon methacrylic acid have shown utility as transmucosal 

drug delivery carriers for the oral delivery of protein therapeutics [1-5]. Random 

copolymers of methacrylic acid with poly(ethylene glycol), henceforth designated as 

P(MAA-g-EG), or with N-vinyl-2-pyrrolidone, henceforth designated as P(MAA-co-

NVP), have been extensively evaluated for their cytocompatibility with model intestinal 

epithelial cell lines [3-5]. However, the in vivo safety of these existing carriers and the 

newly developed terpolymer P((MAA-co-NVP)-g-EG) have not been well characterized. 

In the context of biomaterials development, safety refers to both material toxicity – or 

non-specific unwanted negative effects on cells, organs, or ultimately, the human patient 

– and biocompatibility – either the beneficial or detrimental effects of physiology on 

function [6, 7].   

 

In orally delivered systems, carrier interaction with the gastrointestinal (GI) tract can 

occur in a number of ways: (1) adherence to the mucus lining (2) penetration through the 

mucus lining and contact with intestinal epithelial lining and (3) absorption across the 

intestinal epithelial lining into the bloodstream or (4) unperturbed passage and clearance 

[8-11]. Therefore, the evaluation of these materials must take place in physiologically 

relevant models, both in vitro and in vivo, in which the route of administration and its 

associated interactions are considered. 



226 

Herein, we present the in vitro and in vivo assessment of the safety of P(MAA-g-EG) and 

P(MAA-co-NVP) and the newly developed terpolymer P((MAA-co-NVP)-g-EG). In 

vitro cytocompatibility will be performed with two model intestinal epithelial cell lines, 

Caco-2 cells representing the absorptive intestinal enterocytes [12] and HT29-MTX cells 

representing the mucus secreting goblet cells [13]. Acute and long-term in vivo safety 

studies were performed to assess the toxicity of the hydrogel microparticles after single 

or multiple doses to C57Bl/6 mice. The assessment of inflammatory markers as well as 

examining the overall health and function of critical organs responsible for filtration, 

purification, and toxin removal, specifically the liver, kidney, and spleen, will provide 

insights into any deleterious effects of the hydrogel microparticles.    

7.2 MATERIALS AND METHODS 

7.2.1 Hydrogel Synthesis 

P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) hydrogels were 

synthesized by a UV-initiated free-radical polymerization, as previously described. 

Briefly, for the preparation of the P(MAA-g-EG) hydrogels, the monomers methacrylic 

acid (MAA) and poly(ethylene glycol) 1000 monomethylether monomethacrylate 

(PEGMMA) were added at a 2:1 molar ratio of the hydrogen bonding groups (44:1). For 

the P(MAA-co-NVP) hydrogels, the monomers MAA and N-vinyl-2-pyrrolidone were 

added at a 2:1 molar ratio. Finally, for the P((MAA-co-NVP)-g-EG) hydrogels, the 

monomers MAA, NVP, and PEGMMA were added at a 2:1:1 molar ratio of the hydrogen 

bonding groups (44:22:1). Poly(ethylene glycol) 1000 dimethacrylate (22 repeating 
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ethylene glycol groups) crosslinking agent was added at a 1 mol percent relative to the 

total monomer content. A 50:50 water:ethanol solution was introduced at 50 weight 

percent of the combined monomer and crosslinker. Finally, a UV-initiator, Irgacure® 184 

(1-hydroxycyclohexyl phenyl ketone, Sigma-Aldrich, St. Louis, MO), was incorporated 

at 1 weight percent. The pre-polymer solution was sonicated for 20 minutes at room 

temperature to ensure complete dissolution of the monomer components and 

homogeneous incorporation.  

 

After sonication, the pre-polymer solution was brought into an MBraun® glove box 

(Garching, Germany) to perform the polymerization under an inert nitrogen atmosphere 

(<1ppm oxygen). The solution was purged with nitrogen gas for 2 minutes and then 

pipetted in between two quartz slides separated by a 0.7mm Teflon® spacer. Each film 

was polymerized under UV light (Dymax 2000-EC Light Curing System, Torrington, 

CT) at ~18 mW/cm2 for 30 minutes. After polymerization, the hydrogel film was 

removed from the glass slide, placed into DI water and allowed to rinse for 7-10 days 

with daily water changes to remove unreacted components. After washing, the films were 

dried under ambient conditions for 3 days and then vacuum dried at 37oC for 3 additional 

days. The hydrogel film was then crushed using a mortar and pestle and sieved to a 

diameter of 30-45 μm. The microparticles were stored in a dessicator until use. 



228 

7.2.2 General Cell Culture    

Caco-2 colon adenocarcinoma cells (American Type Culture Collection, Rockwell, MD) 

and HT29-MTX methotrexate-differentiated human goblet cells (a generous gift from Dr. 

Thecla Lesuffluer, INSERM, Paris, France) were used in this research. Both cell lines 

were cultured in high-glucose Dulbecco’s Modified Eagle’s Media (DMEM; Sigma 

Aldrich, St. Louis, MO) supplemented with 10% (v/v) heat-inactivated Fetal Bovine 

Serum (FBS; USDA-tested, Fisher Scientific, Waltham, MA), 1% (v/v) L-glutamine (L-

glu; Fisher Scientific, Waltham, MA), and 1% (v/v) of an antibiotic solution consisting of 

10000 U/mL penicillin and 10 mg/mL Streptomycin (P-S; Fisher Scientific, Waltham, 

MA).  

 

Cells were cultured in T-75 flasks (Corning Inc., Corning, NY) and maintained in a 

humidified environment at 37oC and 5% CO2. Media was refreshed every 72 hours. Cells 

were passaged upon achieving 80-90% confluence. To passage, cells were rinsed twice 

with 5-10 mL of Dulbecco’s Phosphate Buffered Saline without calcium, magnesium, or 

phenol red (DPBS; Fisher Scientific, Waltham, MA), then exposed to 5 mL of warmed 

trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO) and allowed to incubate for 8-10 

minutes at 37oC. Once the cells were adequately detached from the cell culture surface, as 

confirmed by visual inspection, the trypsin was deactivated with the addition of a 2X 

volume of culture medium. The cell solution was aspirated into a 15 mL centrifuge tube 

and spun down at 100xg for 4.5 minutes. After centrifugation, the supernatant was 

aspirated and the pellet was resuspended in 5 mL of fresh culture media. The cells were 
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plated into T-75 flasks at a 1:2-1:6 subcultivation ratio and appropriately diluted with 

DMEM (+10% FBS, 1% L-glu, and 1% P-S). Caco-2 cells between passages 65-80 and 

HT29-MTX cells between passages 10-20 were used for all in vitro experiments.  

7.2.3 Preparation of Caco-2 Cytocompatibility Experiments  

Cell culture-treated 96-well polystyrene plates (Corning Inc., Corning, NY) were coated 

with a 1:100 DPBS:fibronectin (Sigma-Aldrich, St. Louis, MO) solution for 1 hour at 

room temperature. After incubation, the fibronectin solution was aspirated and each well 

was rinsed with DPBS. Caco-2s underwent the same sub-culturing procedures described 

above (Section $) but were resuspended in DMEM without phenol red (Sigma-Aldrich, 

St. Louis, MO) supplemented with 10% FBS, 1% L-glu and 1% P-S. The cells were 

seeded at 70,000 cells/well and allowed to grow for 24-48 hours until they reached a 

confluence of 80-90%.  

 

Solutions of P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) 

microparticles (30-45 μm) nominally crosslinked with 1% TEGDMA, 1% PEGDMA400, 

1.25% TEGDMA and 1.25% PEDGMA400 crosslinking ratios were prepared at 5 

mg/mL in DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S), vortexed, and 

incubated overnight at 4oC. After the overnight incubation, the microparticle solutions 

were heated to 37oC and a serial dilution was performed to yield microparticle solutions 

at 5, 2.5 and 1.25 mg/mL concentrations. All solutions were kept at 37oC until plating.  
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7.2.4 Preparation of HT29-MTX Cytocompatibility Experiments  

Cell culture-treated 96-well polystyrene plates (Corning Inc., Corning, NY) were coated 

with a 1:100 DPBS:fibronectin (Sigma-Aldrich, St. Louis, MO) solution for 1 hour at 

room temperature. After incubation, the fibronectin solution was aspirated and each well 

was rinsed with DPBS. HT29-MTX cells underwent the same sub-culturing procedures 

described above (Section 7.2.3) but were resuspended in DMEM without phenol red 

(Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS, 1% L-glu and 1% P-S. 

The cells were seeded at 70,000 cells/well and allowed to grow for 24-48 hours until they 

reached a confluence of 80-90%.  

 

Solutions of 1% and 1.25% TEGDMA or PEGDMA400 crosslinked P(MAA-g-EG), 

P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) microparticles (30-45 μm) were 

prepared at 5 mg/mL in DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S), 

vortexed, and incubated overnight at 4oC. After the overnight incubation, the 

microparticle solutions were heated to 37oC and a serial dilution was performed to yield 

microparticle solutions at 5, 2.5 and 1.25 mg/mL concentrations. All solutions were kept 

at 37oC until plating.  

7.2.5 MTS Cellular Proliferation Assay 

The growth media was carefully aspirated from all wells and replaced with 100 μL of 

either DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S) as a positive control, 

KDAlert Lysis Buffer (Fisher Scientific, Pittsburgh, PA) as a negative control, or 
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microparticle suspensions at 5, 2.5 or 1.25 mg/mL concentrations. The plate was returned 

to the incubator and allowed to incubate for 6 hours in a humidified environment at 37oC 

and 5% CO2. The proliferation of the cells after exposure to the hydrogel microparticles, 

an indicator of overall cell health, was measured using the CellTiter 96 AQueous One 

Solution Cell Proliferation Assay (Promega Corporation, Madison, WI). To do so, each 

well 20 μL of assay media was added to each well and the plate was returned to the 

incubator for an additional 1.5 hours. After incubation, the absorbance of the plate was 

measured at both 490 and 690 nm.  

 

The relative cellular proliferation was calculated by first subtracting the background 

absorbance and then normalizing it to the average absorbance of the positive control 

using the following equation:  

 

𝐴!"#$%& =
!!"#!!!"#

!!"#$%$&'  !"#$%"&
        (Equation 7-1) 

7.2.6 Lactase Dehydrogenase Cell Membrane Integrity Assay  

The growth media was carefully aspirated from all wells and replaced with 100 μL of 

either DMEM w/o phenol red (+10% FBS, 1% L-glu, and 1% P-S) or microparticle 

suspensions at 5, 2.5 or 1.25 mg/mL concentrations. The plate was returned to the 

incubator and allowed to incubate for 6 hours in a humidified environment at 37oC and 

5% CO2. The integrity of the cell membranes after exposure to the hydrogel 

microparticles, an indicator of overall cell health, was measured using the 
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Promega™CytoTox-ONE™Homogeneous Membrane Integrity Assay (Promega 

Corporation, Madison, WI). The plates were removed from the incubator and 2 μL of 

lysis solution (provided in the kit) was added to each of the maximum LDH release well. 

The plates were equilibrated to room temperature. The CytoTox-ONE™reagent was 

prepared and 100 μL was added to all experimental wells. The plate was shaken gently 

for 30 seconds to ensure completely mixing of the reagent and supernatant and then 

allowed to incubate for 10 minutes at room temperature. Ten μL of stop solution was then 

added to each experimental well and the plate was shaken gently for 10 seconds. Because 

the LDH assay relies on fluorescence measurements, 100 μL of supernatant was carefully 

aspirated into a black 96-well polystyrene plate. The plate was then read at an excitation 

of 560 nm and an emission of 590 nm.  

 

The cell viability was calculated by first subtracting the average fluorescence values of 

the culture medium background (media not in the presence of any cells). Next, the 

average maximum LDH release (lysis control) and minimum LDH release (media 

control) were calculated (n=6). Finally, the % cell viability of each experimental well was 

calculated using the following equations:  

 

%  𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 = 100 ∗ (!"#$%&'$()*+  !"#$%!!"#  !"#  !"#"$%!)
(!"#  !"#  !"#"$%"!!"#  !"#  !"#"$%")

    (Equation 7-2) 

 

%  𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 100−%  𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦      (Equation 7-3) 



233 

7.2.7 In Vivo Safety Studies  

7.2.7.1 Animals 

All animal experiments were conducted as approved by the Institutional Animal Care and 

Use Committee (IACUC) of the University of Texas at Austin. Female C57BL/6J mice (8 

weeks old) obtained from Jackson laboratory were group-housed (4 mice per cage) in 

standard non-barrier animal facilities. All mice underwent a 48-72 hour adjustment 

period after arrival before the enrollment in any experimental protocol.  

7.2.7.2 Oral Gavage Procedure 

Oral gavage was performed using a curved, stainless steel, 1.5”, 22-guage needle with a 

2.4 mm ball tip (Squirrel Store, Alabaster, AL). A maximum dosing volume of 10 mL/kg 

of animal weight was used. To maintain consistency amongst all mice, the maximum 

dose was determined by averaging the weights of the smallest and largest mice in each 

group. Prior to dosing, the gavage needle was dipped in a 1 g/mL sucrose solution to 

reduce the stress to the animal during the procedure [14, 15]. After gavage, mice were 

observed for 5-10 minutes to ensure the mice fully recovered from the procedure.  

7.2.7.3 Saphenous Vein Blood Draws  

One day prior to the start of the experiment, all mice underwent a saphenous vein blood 

draw to establish baseline cytokine, creatinine and blood urea nitrogen levels. To do so, 

mice were tightly restrained and one leg was extended and shaved to expose the 

saphenous vein. The remaining hair was wetted with Vaseline®. A sterile 22-guage 
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needle was used to puncture the saphenous vein and the leg was gently palpated to 

increase blood flow. Blood was collected into low adhesion microcentrifuge tubes. After 

blood collection, pressure was applied with sterile gauze to stop bleeding. Mice were 

monitored for 5-10 minutes after the procedure to ensure the bleeding had fully ceased. 

The collected blood was allowed to clot on ice for one hour. After clotting, the blood was 

spun down at 2000 x g for 10 minutes and the serum was removed and stored at -80oC for 

analysis.  

7.2.7.4 Acute Safety Studies  

P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel microparticles 

(30-45 μm) were suspended in sterile distilled water at a concentration of 6.67 mg/mL 

and allowed to hydrate for at least an hour under gentle rotation. Two hours prior to the 

start of the experiment, all solid food was removed from the cages of the mice. Water was 

provided ad libitum.  

 

Mice were then administered either P(MAA-g-EG), P(MAA-co-NVP), or P((MAA-co-

NVP)-g-EG) microparticles or distilled water (as a positive control), via the oral gavage 

procedure described above (n =8 per group).  

 

Twenty-four hours after gavage, urine samples were taken and collected in low adhesion 

microcentrifuge tubes. The mice were then sacrificed by carbon dioxide exposure at 1.5 

liters per minute. After cessation of breathing, cardiac puncture was performed as a 
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secondary means of euthanasia and the collected blood served as the 24-hour post-

administration time point. Blood was allowed to clot for one hour on ice. The clotted 

blood was then spun down at 2000 x g to separate the serum, which was carefully 

removed and stored at -80oC until analysis.  

 
7.2.7.5 Long-Term Safety Studies  

Long-term studies were performed to investigate the effect of long-term administration of 

hydrogel microparticles. These studies were conducted over the course of two weeks with 

every other day administration of the particles via oral gavage. On the days of particle 

administration, P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) 

hydrogel microparticles (30-45 μm) were suspended in sterile distilled water at a 

concentration of 6.67 mg/mL, which corresponds to the dose of 67 mg/kg body weight, 

and allowed to hydrate for at least an hour under gentle rotation. Two hours prior to 

gavage, all solid food was removed from the cages of the mice. Water was provided ad 

libitum. Mice were then administered P(MAA-g-EG), P(MAA-co-NVP) or P((MAA-co-

NVP)-g-EG) microparticles, or distilled water (as a positive control), via the oral gavage 

procedure described above (n =8 per group). 

 

Twenty-four hours after the final gavage, urine samples were taken and collected in low 

adhesion microcentrifuge tubes. The mice were then sacrificed by carbon dioxide 

exposure at 1.5 liters per minute. After cessation of breathing, cardiac puncture was 

performed as a secondary means of euthanasia and the collected blood served as the 24-
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hour post-administration time point. Blood was allowed to clot for one hour on ice. The 

clotted blood was then spun down at 2000 x g to separate the serum, which was carefully 

removed and stored at -80oC until analysis.  

 

After euthanasia, the mice underwent necropsy to remove the spleen, kidney, liver, and 

gastrointestinal tract. All organs were immediately placed into formalin (Fisher 

Scientific, Waltham, MA) to fix.  

7.2.7.6 Histopathology 

Organs from the long-term studies were removed from the formalin fixative and rinsed 

with 70% ethanol. The liver, kidneys, and spleens were trimmed of extra subcutaneous 

fat and tissue and placed in their entirety in tissue cassettes. The gastrointestinal tract was 

also trimmed of extra subcutaneous fat and tissue and segmented into 5 sections: (1) the 

stomach, (2) upper small intestine, (3) mid-small intestine, (4) lower small intestine, and 

(5) cecum and colon. The tissues were sent to the University of Texas Health Science 

Center San Antonio (UTHSCSA) for paraffin embedding, sectioning and H&E staining. 

A blind histopathology analysis of the tissues was performed to assess both inflammatory 

markers and indications of organ failure. 

7.2.7.7 Assessment of Cytokine Levels 

Cytokine levels were measured to investigate any inflammatory response to the 

administration of hydrogel microparticles on both acute and long-term time scales. Serum 

samples from the acute and long-term studies and the baseline (t=0) samples were 
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analyzed in duplicate using a Bio-Plex Pro Mouse Cytokine Th1 Panel assay (IL-1β, IL-

2, IL-6, IL-10, IL-12p70, IFN-γ, and TNF-α; Bio-Rad, Hercules, CA) and a 

BioPlex200® Multiplex System.  

7.2.7.8 Assessment of Creatinine Levels  

Creatinine levels in the urine were measured to assess kidney function after exposure of 

the mice to hydrogel microparticles on both acute and long-term time scales. Urine was 

diluted 100-fold and analyzed with the fluorometric protocol of a commercially available 

creatinine assay kit (Sigma-Aldrich, St. Louis, MO).   

7.2.7.9 Assessment of Blood Urea Nitrogen Levels 

Blood urea nitrogen (BUN) levels are indicative of both kidney and liver function. Blood 

serum taken from acute and long-term safety studies were analyzed using a commercially 

available BUN assay (Sigma-Aldrich, St. Louis, MO). The blood serum was diluted 10-

fold and run in duplicate.  

7.2.7.10 Statistical Analysis 

ANOVA analysis was used to compare multiple groups and a post-hoc Dunnett’s test was 

performed to confirm statistical significance of the experimental groups against the 

control. 
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7.3 RESULTS AND DISCUSSION  

7.3.1 Hydrogel Synthesis  

The syntheses of P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) 

hydrogels were all completed successfully with UV-initiated free-radical polymerization. 

The hydrogels were produced by either co- or terpolymerization at a 1 mol% crosslinking 

density with a PEGDMA1000 crosslinking agent (polymer compositions detailed in 

Table 7-1). The resulting hydrogel films were all mechanically robust and after 

purification and drying were crushed and sieved into microparticles (30-45 μm).    

7.3.2 Caco-2 Cytocompatibility  

Caco-2 cells when incubated with the P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-

co-NVP)-g-EG) hydrogel microparticles exhibited a concentration dependent decrease in 

proliferation. As shown in Figure 7-1, the proliferation relative to the positive control is 

at or near 100% for 0.625 mg/mL concentrations, but decreases to approximately 90% at 

1.25 mg/mL and 70-80% at 2.5 mg/mL. This behavior was consistent between all 

hydrogel formulations regardless of monomer composition. A level of 80% relative 

proliferation was set as an acceptable threshold to indicate cellular compatibility with the 

biomaterial [16]. For all formulations, the relative proliferation rates were above this 

critical threshold for concentrations at or below 1.25 mg/mL after a 6-hour exposure to 

the 30-45 μm microparticles. At 2.5 mg/mL, a drop below this threshold occurred for all 

formulations, indicating that the hydrogel material is having a potentially deleterious 

effect on cellular behavior at this duration of exposure.  
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This reduction in proliferation as hydrogel microparticle concentration increases can be 

attributed to several properties of these anionic hydrogel systems. Specifically, upon 

deprotonation, the ionizable methacrylic acid groups in the polymer backbones now 

possess a negative charge and result in a negatively charged hydrogel particle [1]. These 

negatively charged hydrogel species can then chelate the positively charged calcium ions 

necessary for cellular function and overall cellular health [17]. The decrease in cellular 

proliferation can also be attributed to the acidic hydrogel species dropping the pH of the 

culture media in the constrained volume of the assay well [3]. This effect, however, is 

likely an artifact of the controlled in vitro environment and would not translate to the in 

vivo conditions of the gastrointestinal tract during oral administration [18]. These results 

agree with the reported results from Horava et al., which showed that Caco-2 cells 

exhibited a decrease in cellular proliferation to below 80% after a 6 hour exposure to 

P(MAA-g-EG) hydrogels at a concentration of 2.5 mg/mL [19]. Additionally, these 

studies are in agreement with the P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) 

cytocompatibility studies performed in Chapter 6, where a 2.5 mg/mL concentration did 

result in a drop of relative proliferation to values below 80%.  

 

In addition to investigating the effects of hydrogel microparticles on cellular 

proliferation, the effects on cellular membrane integrity were also explored using an LDH 

membrane integrity assay. The results are shown in Figure 7-2. Regardless of the 

composition or concentration of the hydrogel, there was no significant disruption of the 
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cell membrane of the Caco-2 cells as compared to the positive media control. Again, 

these results match the published results of Horava et al. for P(MAA-g-EG) and the 

previously discussed trends in Chapter 6 for P((MAA-co-NVP)-g-EG) and P(MAA-co-

NVP) hydrogel formulations [19].  

7.3.3 HT29-MTX Cytocompatibility 

HT29-MTX cells represent the goblet cells, or mucus-secreting cells, of the 

gastrointestinal tract and are the second most populous cell type therein [13, 20, 21]. Due 

to the mucoadhesive nature of the MAA- and PEG-based hydrogel microparticles [2, 22-

24], it is important to investigate the interaction between these hydrogel systems and this 

mucus-secreting intestinal cell line to ensure there are no additional cytotoxic effects.  

 

When incubated with P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) 

hydrogel microparticles, HT29-MTX cells exhibited a concentration dependent decrease 

in cellular proliferation (Figure 7-3). At concentrations at or below 1.25 mg/mL, the 

relative proliferation rates are above the 80% threshold and, therefore, are considered to 

be minimally or non-toxic. At a concentration of 2.5 mg/mL, all formulations drop the 

relative proliferation below 80%, indicating that the hydrogel formulations are having an 

effect on cellular proliferation and overall viability. The behavior is consistent with that 

shown in Caco-2 cells and can likely be attributed to the same effects of calcium 

chelation or environmental pH decrease caused by the hydrogel microparticles, which can 

have an effect on cellular function and health [3, 17].  
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The effect of P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP-g-EG) hydrogel 

microparticles on HT29-MTX cellular membrane integrity was also investigated. Using 

the LDH membrane integrity assay, it was shown that regardless of hydrogel composition 

or concentration, there was no perturbation of the cell membrane relative to the positive 

media control (Figure 7-4).  

 

P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel formulations 

have shown minimal toxicity to Caco-2 and HT29-MTX cells at concentrations at or 

below 2.5 mg/mL. Above these concentrations, there is still no effect on cellular 

membrane integrity, but an observed decrease in cellular proliferation for all 

formulations. Although unlikely that a hydrogel concentration of 2.5 mg/mL or greater 

would be reached in vivo it is important to determine if the observed trends in 

cytocompatibility in vitro are maintained in vivo or if they are exclusively artifacts of the 

confined in vitro environment.  

7.3.4 In Vivo Safety Studies 

In vivo safety studies were performed to assess any potential interactions the P(MAA-g-

EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel microparticles may have 

during transit through the gastrointestinal tract after oral administration. In particular, 

they were performed to examine if any inflammation or organ toxicity occurred after 

acute and long-term exposure to the hydrogel microparticles.   
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7.3.4.1 Analysis of Cytokine Expression Levels to Indicate Inflammation  

Cytokines are a family of small, nonstructured proteins (8-40,000 Da) important in cell 

signaling and regulation of host response to immune response, infection, inflammation, 

and trauma [25-27]. These cytokines can broadly grouped as pro-inflammatory – 

cytokines that promote or upregulate inflammatory reactions – or anti-inflammatory – 

cytokines that mediate or control the pro-inflammatory cytokine response [25, 27]. The 

presence, absence or upregulation of these cytokines can, therefore, be indicative of the 

health or disease state of a subject. 

 

To evaluate the inflammatory responses of both single (acute) and repeated (long-term) 

administration of the P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) 

hydrogels, blood serum concentrations of pro-inflammatory cytokines (IL-1β, TNF-α, 

IL-12, IFN-γ), anti-inflammatory cytokines (IL-10), and additional Th1 cytokines (IL-2, 

IL-6) were measured [9, 26, 27]. Cytokine primary function, principal source, and 

groupings are shown in Table 7-2.  

 

In the acute study (Figure 7-5), there was no difference in cytokine expression levels 

between the P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogels 

and the positive water control. The lack of any significant change in cytokine levels, 

indicates that the hydrogels are not eliciting an acute inflammatory response after a single 

oral administration.  

 



243 

In the long-term study (Figure 7-6 and Table 7-3), the cytokine expression levels were 

measured 24 hours after the final oral administration of hydrogel microparticles after 2 

weeks of exposure. None of the pro-inflammatory cytokines (IL-1β, TNF-α, IFN-γ, IL-

12) show an increase in expression levels above those of the positive control, regardless 

of formulation, which would be expected if an inflammatory response to the hydrogel 

occurred [9]. In fact, the expression levels for the pro-inflammatory cytokines – IL-1β, 

IL-12, TNF-α and IFN-γ – decrease in response to P(MAA-co-NVP) and P((MAA-co-

NVP)-g-EG) when compared to the positive water control. Additionally, the pro-

inflammatory cytokines, IL-10, and IL-6 decrease in response to P(MAA-co-NVP) and 

P((MAA-co-NVP)-g-EG) as well. This magnitude of this decrease is very small and is 

still within the same order of magnitude as the positive water control and could 

potentially be attributed to natural variations in cytokine expression between animals. 

The lack of increase in any cytokine levels of the mice give hydrogel formulations above 

that of the positive control confirms that even multiple doses of hydrogel formulations 

over the course of two weeks does not appear to elicit an inflammatory response.  

7.3.4.2 Histopathology 

After long-term exposure to P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-

g-EG) hydrogel microparticles administered at a dose of 67 mg/kg, the organs directly in 

contact with the hydrogel microparticles, i.e. the gastrointestinal (GI) tract, and those 

responsible for filtration and detoxification, i.e. the kidney, liver, and spleen, were all 
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assessed for inflammation and any gross pathological changes [28, 29]. The organs were 

scored blindly and a summary of the report can be seen in table 7-4.  

 

None of the organs showed any significant infiltration of leukocytes, or inflammatory 

cells, that would indicate either acute or chronic inflammation caused by the hydrogel 

microparticle administration [29]. The GI tract, although in closest proximity to the 

hydrogel microparticles, exhibited no gross pathological changes, including disruption or 

changes in epithelial cell lining or in the overall mucosal architecture. These results 

contradict studies performed by Sipahigil et al., which indicated that P(MAA-g-EG) had 

a transient effect on epithelial lining integrity when administered at a 100 mg dose, but 

caused irreversible damage to the intestinal epithelial lining when given at a 385 mg dose 

[30]. These doses are approximately 6-40-fold higher than those given in this experiment 

to account for a 10-fold lower drug loading level (0.54% compared to 4-7% as shown in 

Chapter 5). Therefore, there does appear to be an upper limit to tolerated P(MAA-g-EG) 

dosage and presumably other methacrylic acid based pH-sensitive hydrogels, however 

with repeated administration over 2 weeks, a 67 mg/kg dosage did not cause any 

significant or lasting damage to the physiology of the gastrointestinal tract.  

 

The livers and spleens of all mice also showed no signs of gross pathological changes 

when compared to control organs. A small portion of the kidneys exhibited some mild 

hydronephrosis, or swelling of the kidney due to urine retention [31]. With no signs of 

inflammation in the gastrointestinal or additional inflammation of the kidney tissue and 
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no indications in cytokine levels that inflammation is occurring, the mild hydronephrosis 

was not deemed an abnormal finding during histological analysis.  

7.3.4.3 Analysis of Urine Creatinine Levels to Evaluate Kidney Function 

To assess kidney function, a creatinine assay was performed. Creatinine is a waste 

product that is formed during normal muscle metabolism and is filtered out of blood and 

into the urine by the kidneys. It is, therefore, an indicator of kidney function as increased 

levels in the blood or decreased levels in the urine can indicate a reduction in kidney 

function [32]. The urine creatinine levels of mice after being orally administered 

P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel microparticles 

over a single (acute) or multiple (long-term) doses are shown in Figure 7-7.  

 

Urine creatinine levels after acute exposure to the hydrogel microparticles or water 

control ranged between 20-25 mg/dL. There was no significant difference between any of 

the formulations or between the formulations and the water control. After long-term 

exposure, however, there was a noticeable decrease in the creatinine levels with the 

P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) formulations. When compared to 

P(MAA-g-EG), these formulations have statistically significantly lower levels of urine 

creatinine, but the decreases are not significant when compared to the positive water 

control. 
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7.3.4.4 Evaluation of Blood Urea Nitrogen to Assess Kidney and Liver Function  

To further elucidate if the kidneys are experiencing any loss in function a secondary 

kidney function test was performed. Blood urea nitrogen (BUN) levels are used as a 

measure of both kidney and liver function. Urea is a waste product formed by the liver as 

part of its normal metabolic functions and then filtered out of the body through the 

kidneys. If the liver is experiencing any loss in function, BUN levels will be lower than a 

healthy control, as it cannot as readily perform its metabolic functions and the subsequent 

waste product levels are decreased. If the kidney is experiencing any loss in function, the 

BUN levels will increase as the kidneys will be unable to filter out the urea efficiently 

[33]. The BUN levels of mice after being orally administered P(MAA-g-EG), P(MAA-

co-NVP) and P((MAA-co-NVP)-g-EG) hydrogel microparticles over a single (acute) or 

multiple (long-term) doses are shown in Figure 7-8. 

 

After both single (acute) and multiple (long-term) doses, there is no difference in BUN 

levels between any of the hydrogel formulations and the positive water control. As the 

liver showed no pathological signs of toxicity in histological analysis, a decrease in BUN 

was not anticipated. If there were any loss of kidney function, as suggested by the onset 

of mild kidney hyperplasia in the histopathological analysis, an increase in BUN levels 

would have further confirmed this effect on kidney health. However, as no significant 

decrease in BUN levels were observed it indicates that, while mild hyperplasia is 

occurring in the kidneys, the hydrogel formulations are not having an adverse effect on 

overall kidney function. 
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7.4 CONCLUSIONS   

Hydrogel formulations P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-EG) 

were evaluated for their in vitro cytocompatibility in intestinal cell models and in vivo 

toxicity in a C57Bl/6 mouse model. The hydrogels exhibited a concentration dependent 

decrease in cellular proliferation in both Caco-2 colon adenocarcinoma cells and in 

HT29-MTX mucus-secreting goblet cells, which was attributed to either deprivation of 

critical molecules such as calcium for cellular function or a drop in extra cellular pH 

caused by the hydrogel carriers at doses higher than 1.25 mg/mL. Although the hydrogel 

microparticles did result in a decrease in cellular proliferation, they showed no effect on 

cell membrane integrity regardless of cell line, concentration or formulation.  

 

To assess the carriers in vivo, hydrogel microparticles were administered orally at a 6.67 

mg/mL concentration, a 67 mg/kg dose, with either as a single administration (acute) or 

multiple (long-term) administrations. Cytokine levels measured post hydrogel 

administration, showed no significant changes in expression that would indicate an 

inflammatory response, either acute or chronic, had occurred in response to the 

formulations given. Histopathological assessments of the gastrointestinal tract, liver, and 

spleen confirmed that the hydrogel carriers caused no change in organ physiology or 

pathology and, consequently, showed no toxicity or loss of organ function. However, the 

kidneys did show some mild symptoms of hydronephrosis that was deemed an 

insignificant finding. To further assess the toxicity and safety of the carriers, tests to 

assess the function of the liver and kidney were performed. The creatinine assay indicated 
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some slight decrease in kidney performance in the P(MAA-co-NVP) and P((MAA-co-

NVP)-g-EG) hydrogels, but was not statistically significant when compared to the 

positive control. Additionally, the blood urea nitrogen levels were consistent with 

positive controls for all formulations showing no impaired kidney or liver function.  

 

These studies have shown that the hydrogels exhibit minimal onset of organ toxicity and 

no inflammatory response. Future studies will need to investigate the maximal doses 

tolerated during single and multiple hydrogel administrations via the oral route and their 

elicited responses.   
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7.5 FIGURES  

Table 7-1. The monomer composition of P(MAA-g-EG), P(MAA-co-NVP) and 
P((MAA-co-NVP)-g-EG) hydrogels, specifically showing the ratio of 
hydrogen bonding groups of the monomers and the resulting molar feed 
ratio used during synthesis. Monomers used were methacrylic acid (MAA), 
N-vinyl-2-pyrrolidone (NVP), or poly(ethylene glycol) 1000 
monomethylether monomethacrylate (PEGMMA). 

  

Formulation	  
Ratio	  of	  Hydrogen	  
Bonding	  Groups	   Molar	  Feed	  Ratio	   Mol%	  

PEGDMA	  
1000	  MAA	   NVP	   PEGMMA	   MAA	   NVP	   PEGMMA	  

P(MAA-‐g-‐EG)	   2	   -‐-‐	   1	   44	   -‐-‐	   1	   1	  
P(MAA-‐co-‐NVP)	   2	   1	   -‐-‐	   2	   1	   -‐-‐	   1	  

P((MAA-‐co-‐NVP)-‐g-‐EG)	   2	   1	   1	   44	   22	   1	   1	  
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Figure 7-1. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-co-NVP)-g-
EG) hydrogel microparticles (30-45 μm). An MTS proliferation assay was used to 
measure the cellular proliferation of cells in the presence of the hydrogel formulations, 
lysis buffer (negative control) and media (positive control). All proliferation rates were 
normalized against the positive media control. (Samples N=12 ± S.E., Control: N=18 ± 
S.E.).   
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Figure 7-2. Evaluation of in vitro compatibility of Caco-2 colon adenocarcinoma cells 
after a 6 hour exposure to P(MAA-g-EG), P((MAA-co-NVP), and P((MAA-co-NVP)-g-
EG) hydrogel microparticles (30-45 μm). An LDH cell membrane integrity assay was 
used to measure the cellular viability of cells in the presence of the hydrogel 
formulations, lysis buffer (negative control), and media (positive control). All samples 
were bounded between the maximum LDH release (lysis buffer) and minimum LDH 
release (media) levels. (Samples N=12 ± S.E., Control: N=18 ± S.E.).  
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Figure 7-3. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P(MAA-g-EG), P(MAA-co-NVP) and P((MAA-
co-NVP)-g-EG) hydrogel microparticles (30-45 μm). An MTS proliferation assay was 
used to measure the cellular proliferation of cells in the presence of the hydrogel 
formulations, lysis buffer (negative control) and media (positive control). All 
proliferation rates were normalized against the positive media control. (Samples N=12 ± 
S.E., Control: N=18 ± S.E.).  
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Figure 7-4. Evaluation of in vitro compatibility of HT29-MTX mature mucus-secreting 
goblet cells after a 6 hour exposure to P(MAA-g-EG), P((MAA-co-NVP), and P((MAA-
co-NVP)-g-EG) hydrogel microparticles (30-45 μm). An LDH cell membrane integrity 
assay was used to measure the cellular viability of cells in the presence of the hydrogel 
formulations, lysis buffer (negative control), and media (positive control). All samples 
were bounded between the maximum LDH release (lysis buffer) and minimum LDH 
release (media) levels. (Samples N=12 ± S.E., Control: N=18 ± S.E.).  
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Table 7-2. List of evaluated cytokines, their principle production source, primary 
activity, and broad grouping. Adapted from Zhang et al. [25].  
Abbreviations: IL – interleukin, TNF – tumor necrosis factor, IFN – 
interferon, Th1 – Group 1 helper T cells, Th2 – Group 2 helper T cells, NK 
– natural killer, MHC – major histology complex [26, 27].  

Cytokine	   Principal	  Source	   Primary	  Activity	   Grouping	  	  
IL-‐1β	   Macrophages	  and	  

other	  antigen-‐
presenting	  cells	  

Co-‐stimulation	  of	  antigen-‐presenting	  
cells	  and	  T	  cells,	  inflammation	  and	  fever,	  
acute	  phase	  response,	  hematopoiesis	  
	  

Th1,	  Pro-‐
inflammatory	  

IL-‐2	   Activated	  Th1	  cells,	  
NK	  cells	  

Proliferation	  of	  B	  cells	  and	  activated	  T	  
cells,	  NK	  functions	  
	  

Th1	  

IL-‐6	   Activated	  Th2	  cells,	  
antigen	  presenting	  
cells,	  other	  
somatic	  cells	  

Acute	  phase	  response,	  B	  cell	  
proliferation,	  thrombopoiesis,	  
synergistic	  with	  IL-‐1	  and	  TNF	  on	  T	  cells	  
	  
	  

Th2,	  Pro-‐	  and	  
anti-‐
inflammatory	  

IL-‐10	   Activated	  Th2	  cells,	  
CD8+	  T	  and	  B	  cells,	  
macrophages	  

Inhibits	  cytokine	  production,	  promotes	  
B	  cell	  proliferation	  and	  antibody	  
production,	  suppresses	  cellular	  
immunity,	  mast	  cells	  growth	  
	  

Th1,	  Anti-‐
inflammatory	  

IL-‐12	   B	  cells,	  
macrophages	  

Proliferation	  of	  NK	  cells,	  IFN	  production,	  
promotes	  cell-‐mediated	  immune	  
functions	  
	  

Th1,	  Pro-‐
inflammatory	  

TNF-‐α	   Macrophages,	  
mast	  cells,	  NK	  
cells,	  sensory	  
neurons	  

Cell	  death,	  inflammation,	  pain	  
	  
	  
	  

Th1,	  Pro-‐
inflammatory	  

IFN-‐γ	   Activated	  Th1	  and	  
NK	  cells	  

Induces	  class	  I	  MHC	  on	  all	  somatic	  cells,	  
induces	  class	  II	  MHC	  on	  antigen-‐
presenting	  cells	  and	  somatic	  cells,	  
activates	  macrophages,	  neutrophils,	  NK	  
cells,	  promotes	  cell-‐mediated	  immunity,	  
antiviral	  effects	  
	  

Th1,	  Pro-‐
inflammatory	  
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Figure 7-5. Group Th-1 cytokine expression levels at time 0 and after acute exposure to 
P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) hydrogel 
microparticles (30-45 μm) or distilled water (positive control). (t=0 blood samples 
pooled; N=8)  
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Figure 7-6. Group Th-1 cytokine expression levels after long-term exposure to P(MAA-
g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) hydrogel microparticles (30-45 
μm) or distilled water (positive control). (N=8)  
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Table 7-3. Long-term safety study cytokine expression. Overview of statistically 
significant differences in cytokine expression levels between P(MAA-g-EG) 
(I), P(MAA-co-NVP) (II), P((MAA-co-NVP)-g-EG) (III) and positive water 
controls after every other day administration of 30-45 μm microparticles at 
6.67 mg/mL over a two week period. Statistically insignificant changes are 
indicated with an ‘X’. (N=8 per group, p<0.05). 

 

 

  

Cytokine	   I	  vs.	  II	   I	  vs.	  III	   II	  vs.	  III	   I	  vs.	  
Control	  

II	  vs.	  
Control	  

III	  vs.	  
Control	  

IL-‐1β	   X	   X	   X	   X	   X	   Decrease	  
IL-‐2	   X	   X	   X	   X	   X	   X	  
IL-‐6	   X	   X	   X	   X	   Decrease	   Decrease	  
IL-‐10	   X	   X	   X	   X	   Decrease	   Decrease	  
IL-‐12	   X	   X	   X	   X	   X	   Decrease	  
TNF-‐α	   X	   X	   X	   X	   Decrease	   Decrease	  
IFN-‐γ	   X	   X	   X	   X	   Decrease	   Decrease	  
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Table 7-4.  Summary of histopathological results as provided by Dr. Robert Reddick at 
the University of Texas Health Science Center at San Antonio. The 
following organs were analysed (1 – spleen, 2 – liver, 3 – kidney, 4 – 
stomach/esophagus, 5-8 – intestine).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Formulation+ Sample+Number+ Organ+ Histological++ Comments+
+ + + Assessment+ +

P(MAA%g%EG)* A.1.1* Spleen* Normal*findings* *
A.1.2* Liver* Normal*findings* *
A.1.3* Kidney* Mild*hydronephrosis* Swelling*of*kidney*due*to*urine*buildup*
A.1.4* Stomach/Esophagus* Normal*findings* *
A.1.5* Intestine*–*small* Normal*findings* *
A.1.6* Intestine*–*small* Normal*findings* *
A.1.7* Intestine*–*small* Normal*findings* *
A.1.8* Intestine*–*small* Normal*findings* *
B.1.1%8* All* Normal*findings* *
C.1.1%8* All* Normal*findings* *
D.1.1%8* All* Normal*findings* *
E.1.1%8* All* Normal*findings* *
F.1.1%8* All* Normal*findings* *
G.1.1%8* All* Normal*findings* *
H.1.1.%8* All* Normal*findings* *

 P(MAA%co%NVP)+ A.2.1%8+ All+ Normal+findings+ +
B.2.1%8+ All+ Normal+findings+ +
C.2.1%8+ All+ Normal+findings+ +
D.2.1%8+ All+ Normal+findings+ +
E.2.1%8+ All+ Normal+findings+ +
F.2.1%8+ All+ Normal+findings+ +
G.2.1%8+ All+ Normal+findings+ +
H.2.1%8+ All+ Normal+findings+ +

P((MAA%co%
NVP)%g%EG)+

A.3.1%8+ All+ Normal+findings+ +
B.3.1%8+ All+ Normal+findings+ +
C.3.1%8+ All+ Normal+findings+ +
D.3.1%8+ All+ Normal+findings+ +
E.3.1%8+ All+ Normal+findings+ +
F.3.1%8+ All+ Normal+findings+ +
G.3.1%8+ All+ Normal+findings+ +
H.3.1%8+ All+ Normal+findings+ +

Control+ A.3.1%8+ All+ Normal+findings+ +
B.3.1%8+ All+ Normal+findings+ +
C.3.1%8+ All+ Normal+findings+ +
D.3.1%8+ All+ Normal+findings+ +
E.3.1%8+ All+ Normal+findings+ +
F.3.1%8+ All+ Normal+findings+ +
G.3.1%8+ All+ Normal+findings+ +
H.3.1%8+ All+ Normal+findings+ +

 
Miscellaneous+Findings+
Organ+ Histological+assessment++
Kidney' Mild'hydronephrosis'–'not'significant'enough'to'constitute'abnormal'findings''
Intestinal'Tissue' Lymphoid'nodules'–'“normal'findings”'
Liver' Focal'small'collections'of'chronic'inflammatory'cells,'often'seen'in'murine'livers'–'still'considered'normal'

findings'
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Figure 7-7. Evaluation of urine creatinine levels after acute and long-term exposure to 
P(MAA-g-EG), P(MAA-co-NVP), and P((MAA-co-NVP)-g-EG) microparticles 
administered via oral gavage. Control mice were administered distilled water via oral 
gavage.  (N=8 ± S.E., *p<0.05)  

  

* 
* 
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Figure 7-8. Evaluation of blood urea nitrogen (BUN) levels after acute and long-term 
exposure to P(MAA-g-EG), P(MAA-co-NVP), P((MAA-co-NVP)-g-EG) microparticles 
administered via oral gavage. Control mice were administered distilled water via oral 
gavage.  (N=8 ± S.E.).  
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Chapter 8: Evaluation of In Vivo Bioavailability of hGH 

8.1 INTRODUCTION  

While in vitro studies can be valuable tools in assessing the performance of oral drug 

delivery carriers, it is difficult to completely mimic the physiological environment of the 

gastrointestinal tract by just in vitro studies alone, and, therefore, certain critical 

parameters that could affect drug delivery are neglected. These parameters include the 

presence of proteolytic enzymes that can potentially degrade the protein before delivery, 

varying concentrations of salts, lipids, etc. that can affect release kinetics, and the 

intestinal epithelial barrier itself that will affect not only drug and carrier interactions 

with the mucus lining, but the drug absorption as well [1]. Additionally, drugs 

administered vial the oral route can either be directly transported to the bloodstream, be 

effluxed back into the intestinal lumen, or metabolized by the liver in the first pass effect 

[2]. The extent to which each of these will affect the final drug concentration in the blood 

stream can be difficult to model in vitro [1, 2].   

 

Therefore, to fully characterize the P((MAA-co-NVP)-g-EG) hydrogel system and its 

ability to orally delivery protein therapeutics, such as human growth hormone (hGH), the 

use of an in vivo model is required. The closed-loop intestinal model (schematic in Figure 

8-1), first proposed by Doluisio et al., has been used extensively to assess the absorption 

and bioavailability of protein therapeutics administered via the oral route [3-9]. Improved 

bioavailability is of particular importance with these oral delivery systems as 
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pharmacological bioavailability quantifies the performance of the drug delivery carrier 

relative to subcutaneous administration in delivering protein into the bloodstream [10].  

 

Here, we present results on the evaluation of the performance of P((MAA-co-NVP)-g-

EG) hydrogel carriers in their ability to transport hGH into the bloodstream using an in 

vivo closed loop intestinal model in rats. The P((MAA-co-NVP)-g-EG) hydrogel 

formulations were compared against the non-PEGylated P(MAA-co-NVP) formulations 

and subcutaneous injections of hGH.   

8.2 MATERIALS AND METHODS 

8.2.1 hGH Loaded Microparticle Preparation  

Two hydrogel formulations were used for this study: P((MAA-co-NVP)-g-EG) and 

P(MAA-co-NVP) both crosslinked with 1% PEGDMA400. This P((MAA-co-NVP)-g-

EG) 1% PEGDMA400 formulation was selected because it showed the highest levels of 

hGH loading in Chapter 5. P(MAA-co-NVP) acted as the non-PEGylated control. An 

hGH (Biovision Inc., Milpitas, CA) solution was prepared at a 0.5 mg/mL concentration 

in a 10 mM sodium phosphate buffer. Dried and purified hydrogel microparticles (30-45 

μm) were added to the hGH solution at a 5 mg/mL concentration. Solutions were 

incubated for 24 hours at 37oC under gentle rotation/agitation. After incubation, particles 

were collapsed by addition of 0.1N HCl, collected with vacuum filtration and rinsed with 

DI water to remove any surface bound hGH. Protein loading levels were measured with a 

microBCA protein quantification assay (Thermo Pierce, Waltham, MA).   
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8.2.2. In Vivo Closed-Loop Intestinal Rat Model  

8.2.2.1 Animals 

Adult male Sprague Dawley rats with jugular vein catheters weighing between 250-300 g 

were purchased from Charles River Laboratories (Wilmington, MA). Rats were housed, 

one to a cage, under standard non-barrier housing conditions at The University of Texas 

at Austin animal facilities. All performed procedures were conducted with the approval 

of The University of Texas at Austin Institutional Care and Use Committee.  

 

Upon arrival to the University of Texas at Austin animal facility, the jugular catheters 

were flushed with sterile PBS and then filled with a heparinized glycol catheter locking 

solution (SAI-Infusion Technologies, Lake Villa, IL) as per the manufacturer’s 

instructions. Prior to surgery, rats were transitioned onto a liquid diet (LD101 

formulation, Test Diet, St. Louis, MO) for at least 48 hours to facilitate clearance of solid 

matter from the intestinal tract. Rats were fasted overnight (max 24 hours) before the 

surgical procedure but allowed water ad libitum.   

8.2.2.2 Surgical Procedure 

On the day of surgery, rats were induced and kept under isoflurane anesthesia (induction 

dose 5%, maintenance dose 1.5-3%) and placed in a supine position on a heated pad to 

maintain proper body temperature. The rats were shaved from the base of ribs to just 

above the pubic bone. Excess hair was removed using an isopropyl alcohol wipe followed 

by sterilization of the surgical site by iodine. Upon the rats reaching the surgical plane of 
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anesthesia, a ~6 cm abdominal midline incision was made exposing the abdominal cavity. 

A 10 cm segment of ileum was carefully isolated and sutured on either end to form the 

intestinal closed loop. Special care was taken when suturing to ensure that the blood flow 

to the intestine was not compromised. The loop was inserted back into the abdominal 

cavity and the incision was temporarily closed with surgical staples. Rats were moved to 

a prone position to provide more ready access to the jugular catheter and then given 30 

minutes to recover from surgery before a blood draw was performed to establish baseline 

levels of hGH.  

 

After rest period, rats were returned to the supine position, the abdominal incision 

reopened and the intestinal loop exposed. For experimental groups, the hGH-loaded 

hydrogel formulation was suspended in 0.5 mL of 1X PBS and administered into the 

closed loop with a 1” 18-guage needle at a 2 mg/kg dose, which ranged from 5-8 mg of 

loaded hydrogel per dose. The intestinal loop was replaced into the abdominal cavity, the 

abdominal incision was closed with surgical staples, and the rats returned to a supine 

position.  For the subcutaneous injection control groups, 0.5 mL of 1X PBS was injected 

in lieu of a hydrogel formulation. Upon closing up the incision and being returned to a 

supine position, the rats were administered a 0.05 mg/mL hGH solution suspended in 

sterile saline via a subcutaneous injection to the scapular region of the rat. For the hGH 

administration to the intestine, a 0.5 mL injection of 0.9 mg/mL hGH suspended in 1X 

PBS was injected directly into the intestinal loop, which was then reinserted into the 

abdominal cavity, the incision closed, and the rats placed back into a supine position.  
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Blood samples (0.15-0.2 mL) were taken a 15, 30, 60, 120, and 180 minutes from the 

jugular vein catheter. After each sample, the removed blood volume was replaced with an 

equal volume of sterile saline and flushed per the manufacturer’s instructions to minimize 

clogging. After the final blood draw, rats were euthanized by an overdose of isoflurane 

(5%) until breathing ceased. A bilateral thoracotomy was performed as a secondary 

method of euthanasia.  

8.2.2.3 Blood Sample Preparation and Evaluation  

Blood samples were allowed to clot for 1 hour on ice and then spun down at 2000xg for 

10 minutes [11]. The blood serum was separated and then stored at -80oC for analysis. 

The hGH levels in all collected blood samples were analyzed at 0X dilution using a high 

sensitivity hGH ELISA (Antibodies Online, Atlanta, GA).  

 

Relative bioavailability of the in vivo closed-loop administered hGH-loaded hydrogels 

formulations compared to subcutaneous injection of hGH were calculated using Equation 

8-1:  

 

𝐹!"# = 100 ∗ !!"!!"#$%&'
!!!"#$%&'

∗ !!.!.
!"#!.!.

       (Equation 8-1) 

 

where DS.C. and Dhydrogel are the doses (mg/kg) of the subcutaneous (S.C.) hGH injection 

and hGH-loaded hydrogels, respectively. AUCS.C. and AUChydrogel refer to the areas under 
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the blood serum hGH concentration versus time curves collected for the S.C. hGH 

injection and hGH-loaded hydrogels. AUC was calculated using numeric integration by 

the trapezoid rule. Data is presented as either AUC or Frel ± standard error. ANOVA 

analysis was used to compare multiple groups and a student’s t-test was performed to 

confirm statistical significance.  

8.3 RESULTS AND DISCUSSION  

The in vivo closed loop study was performed to evaluate the bioavailabilty of hGH when 

administered by P((MAA-co-NVP)-g-EG) hydrogels (30-45 μm) as compared to 

P(MAA-co-NVP) hydrogels (30-45μm) and subcutaneous injection. P((MAA-co-NVP)-

g-EG) and P(MAA-coo-NVP) hydrogels were successfully loaded with hGH at 0.0858 ± 

0.017 mg hGH/mg hydrogel and 0.0748 ± 0.0278 mg hGH/mg hydrogel, respectively. To 

achieve an hGH dose of 2 mg/kg in rats weighing 248-294 g, a hydrogel dose between 4 

to 8 mg was administered to each rat. Rat weights, hGH loading levels, and hydrogel 

doses are all listed in Table 8-1.  

 

The blood serum hGH levels plotted against time for hGH-loaded P((MAA-co-NVP)-g-

EG), hGH-loaded P(MAA-co-NVP) and S.C. hGH injection (Figure 8-2). For both 

hydrogel formulations, detectable levels of hGH were found in the bloodstream as early 

as 5 minutes for P(MAA-co-NVP) and 15 minutes for P((MAA-co-NVP)-g-EG. This 

suggests that the hGH is being released from the hydrogel microparticles upon 

administration into the closed loop and then being absorbed across the intestinal epithelial 
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layer. The rapid onset of hGH appearance in the blood stream aligns with both the release 

kinetics in Chapter 5, which show almost complete hGH release within 10 minutes, and 

the in vitro transport results in Chapter 6 that show hGH appearance on the basolateral 

side of a Caco-2/HT29-MTX monolayer after 15 minutes.  

 

The hGH-loaded P((MAA-co-NVP)-g-EG) 1% PEGDMA400 hydrogels showed 

sustained blood serum hGH levels from 15 to 120 minutes before returning to near 

baseline levels by 180 minutes. This trend is similar to that of the S.C. injection, which 

exhibits sustained blood serum levels from 15-120 minutes after a steady onset from 5-15 

minutes and then returns to baseline at 180 minutes. These observed clearance rates are 

slightly slower than the values for hGH serum half-life in healthy adult humans, 15-51 

minutes [12], which could be attributed to extended release from the hGH-loaded 

hydrogel or slow diffusion of the hGH from the subcutaneous fat into the vasculature  [5, 

13].   

 

The hGH-loaded P(MAA-co-NVP) 1% PEGDMA400 hydrogels exhibited increasing 

levels of hGH for 15 minutes with sustained release over the remainder of the study. The 

maintenance of hGH levels over the 3 hour period of the study and well-beyond the 

serum half-life of hGH is most likely a result of further hGH release from the hydrogel 

microparticles as well as diffusion from the intestinal lumen to the intestinal lining and 

into the bloodstream. This trend of hGH serum levels is similar to the trends reported by 
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Carrillo-Conde et al. of anti-TNF-α delivered by P(MAA-g-EG) and P(MAA-co-NVP) 

hydrogels in an in vivo closed loop system, albeit at a much lower protein level [8]. 

 

The area under the curve (AUC; ng/mL hGH transported versus time) and the relative 

bioavailability (Frel) of hGH as delivered from hGH-loaded P((MAA-co-NVP)-g-EG), 

hGH-loaded P(MAA-co-NVP) and S.C. injection are shown in Table 8-2. The relative 

bioavailability, as calculated in Equation 8-1, are 0.287% ± 0.158 for P((MAA-co-NVP)-

g-EG) and 4.78% ± 1.70 for P(MAA-co-NVP). Although still quite low, the calculated 

relative bioavailability of hGH for both formulations are close to, or within, range of the 

reported bioavailability for insulin, 0.7-12.8%, when delivered by a P(MAA-g-EG) 

hydrogel microparticle [4-7]. This is, therefore, a particularly encouraging result as hGH 

is a much larger molecule than insulin, 22 kDa as compared to 5.8 kDa. The size of the 

molecule can have significant implications not only in hydrogel loading and release, as 

discussed in Chapter 5, but also in its ability to diffuse through the mucus lining of the 

small intestine [14] and to be transported through the tight junction complex via the 

paracellular pathway[15]. Additionally, these values for hGH bioavailability are greatly 

improved over orally administered hGH alone, which was shown by Amet et al. to result 

in no significant weight gain in hypophysectomized rats [16].  

 

Interestingly, there is a statistically significant difference between the relative hGH 

bioavailability of P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) as shown in Figure 8-

3. P(MAA-co-NVP) has approximately a 16-fold improvement in bioavailability as 
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compared to P((MAA-co-NVP)-g-EG). This result is not in agreement with what has 

previously been determined where there is no significant difference between the two 

formulations and their ability to induce membrane perturbation or improve hGH transport 

in an in vitro model (as shown in Chapter 6). If any difference was expected when 

placing the systems into an in vivo model, it was that P((MAA-co-NVP)-g-EG) would 

outperform the P(MAA-co-NVP). This was hypothesized because PEG, when 

incorporated into a pH-responsive hydrogel as a tether, has been shown to have protective 

effects against proteolytic degradation of the loaded protein and an ability to better 

interact with the mucus lining of the small intestine reducing the volume through which 

the protein needed to diffuse to get to the intestinal lining [5, 7, 16].  

 

However, it is theorized that the improved swelling behavior of the P((MAA-co-NVP)-g-

EG) hydrogels, i.e. greater extent of swelling and a more rapid onset of swelling, as 

compared to their P(MAA-co-NVP) counterparts, may result in the protein being rapidly 

released from the hydrogel microparticle before it has a chance to interact with the mucus 

lining. If the payload is predominately being released in the bulk of the intestinal lumen, 

instead of close to the mucus lining, the protein must diffuse through an increased 

volume of intestinal fluid, which increases its likelihood of getting degraded by 

proteolytic enzymes. Additionally, the beneficial concentration gradient driving hGH 

transport across the mucus lining will be much weaker than if hGH is released closer to 

the intestinal wall at a higher localized concentration. This could account for the reduced 

bioavailability observed for P((MAA-co-NVP)-g-EG) as compared to P(MAA-co-NVP). 
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Additional studies would be needed to confirm that this behavior is indeed a function of 

the hydrogel formulation itself and not incurred inconsistencies because of an un-

optimized loading protocol and not considering the release potential of the system in the 

dosing calculations.  

8.4 CONCLUSIONS  

The in vivo intestinal closed loop provided some preliminary insights into the ability of 

P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels to improve the bioavailability 

of hGH delivered orally. Specifically, these studies successfully showed that hGH can be 

released from hydrogel microparticles into the intestinal lumen, diffuse across the mucus 

lining, and be transported across the epithelial lining into the bloodstream. Future studies 

should be performed to fully elucidate the difference, if any, between hydrogel 

formulations in improving hGH bioavailability. However, the results obtained in these 

studies are incredibly promising. The blood serum levels achieved (0.1-0.5 ng/mL) were 

too low to have therapeutic effect [17], but the loaded hydrogel dose can be readily 

increased to enter the therapeutic window and still maintain a feasible dosage (200-500 

mg hydrogel microparticles) for humans. Additionally, investigations into co-delivered 

permeability enhancers or protein conjugates could improve the bioavailability and 

reduce the amount of protein not able to undergo transport and delivery into the 

bloodstream and make this a more financially feasible system. Finally, these studies will 

motivate future work into additional validation of these systems when delivered orally, 

via oral gavage, in vivo using either rats or mice.  
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8.5 FIGURES  
 

 
 

Figure 8-1.  Schematic of closed loop intestinal surgical procedure (1) Abdominal 
midline incision performed on male Sprague-Dawley rats to expose an ~10 cm length of 
ileum (2) Closed loop injected with hGH loaded microparticles (experimental groups) or 
1X PBS (control) (3) Midline incision stapled closed (4) Blood samples drawn from 
jugular vein catheter at regular intervals. 

  



275 

Table 8-1. Summary of animal weights, dosing, and hydrogel loading levels.  

 
  

Group Rat 
Identifier 

Weight 
prior to 
surgery 

Dose 
(mg/kg) 

hGH 
Loading 

Level  

Dose 
Administered 

(mg  

Corrected 
Dose 

(mg hGH) 
   (g)  (mg/mg) hydrogel)  

P((MAA-co-
NVP)-g-EG) 

1% 
PEGDMA400 

1.1 262 

2 

0.088 5.95 2.00 
1.2 267 0.0606 6.93 1.57 
1.3 294 0.0973 4.83 1.60 
1.4 256 0.0973 4.21 1.60 

P(MAA-co-
NVP) 1% 

PEGDMA400 

2.1 255 

2 

0.114 4.49 2.00 
2.2 246 0.0742 8.812 2.66 
2.3 269 0.05057 8.503 1.66 
2.4 294 0.0604 7.780 1.60 

S.C. 
3.1 248 

0.05 N/A 
12.4 ug hGH 

N/A 3.2 259 13.0 ug hGH 
3.3 274 13.7 ug hGH 

hGH 4.1 269 0.9 N/A 250 ug hGH 0.90 
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Figure 8-2. hGH serum concentrations over time as administered from hGH-loaded 
P((MAA-co-NVP)-g-EG), hGH-loaded P(MAA-co-NVP) and an hGH subcutaneous 
injection. Serum concentrations were measured with a high-sensitivity hGH ELISA. 
(Hydrogels: N=4 ± S.E., S.C. injections: N=3 ± S.E.). 
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Table 8-2. Areas under the curve (AUC) and relative bioavailability (Frel) of hGH as 
delivered by hGH-loaded P((MAA-co-NVP)-g-EG), hGH-loaded P(MAA-
co-NVP) and subcutaneous hGH injection. (Hydrogels: N=4 ± S.E., S.C. 
injection: N=3 ± S.E.)  

Formulation Total Blood Serum hGH, 
AUC 

Relative Bioavailability, 
Frel (%) 

 
hGH Loaded 

P((MAA-co-NVP)-g-EG) 
1% PEGDMA400 

 

 
 

0.00918 ± 0.00505 

 
 

0.287 ± 0.158 

hGH Loaded 
P(MAA-co-NVP) 
1% PEGDMA400 

 
0.153 ± 0.0543 

 
4.78 ± 1.70 

 
Intestinal hGH dose 

 

 
1.36 

 
94.9 

 
S.C. hGH Injection 

 

 
0.0799 ± 0.0256 

 
100 ± 32.1 
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Figure 8-3. Relative bioavailability of hGH when administered from P((MAA-co-NVP)-
g-EG) and P(MAA-co-NVP) hydrogels crosslinked with 1% PEGDMA400. (N=4 ± S.E, 
*p<0.05) 
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Chapter 9. Conclusions  

Protein therapeutics are a valuable class of therapeutics that have the potential to treat a 

variety of debilitating diseases. However, they are often limited to injection-based 

administration, which often leads to reduced patient compliance due to the associated 

pain and fear with this route of administration. Oral delivery is the preferred method of 

drug delivery and is the most patient tolerated form of drug administration available. 

However, the gastrointestinal tract provides numerous challenges to protein drug delivery 

namely, harsh pH conditions, presence of proteolytic enzymes, and the presence of a 

tightly controlled epithelial lining.  

 

To overcome these challenges, the Peppas lab has developed a novel class of 

complexation hydrogels for oral drug delivery. These systems, based upon methacrylic 

acid (MAA) and poly(ethylene glycol) (PEG) remain collapsed at gastric pH, protecting 

the loaded protein payload, and then swelling upon reaching the intestinal environment 

and releasing the therapeutic payload  in a pH-triggered manner. These systems, 

designated as P(MAA-g-EG) have shown great promise for the oral delivery of a variety 

of drugs including vancomycin, theophylline, and bleomycin and small proteins including 

insulin and salmon calcitonin. However, these systems can sometimes allow for 

premature release of the therapeutic payload at gastric conditions. An alternative system 

was developed in the Peppas lab based upon MAA and N-vinyl-2-pyrrolidone (NVP), 

which was selected due to its hydrophilicty and overall biocompatibility. These systems 

showed improved complexation and eliminated premature protein release at gastric 
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conditions. However, they were unable to perturb a model intestinal epithelial lining an, 

ultimately, were not able to show protein transport in vivo.  

A new class of hydrogel was proposed in this work that incorporated MAA, for its pH-

responsive behavior, NVP for its hydrophilicty, and PEG for its hydrophilicty and ability 

to interact with the mucus and epithelial cell linings. This system, designated as 

P((MAA-co-NVP)-g-EG) were successfully synthesized with a variety of crosslinking 

lengths and densities and resulted in a family of mechanically robust hydrogels. FT-IR 

and TGA studies confirmed the presence of all three monomer species. The differences 

between formulations with and without PEG tethers were apparent in both FT-IR spectra 

and TGA curves, however, the differences in crosslinking densities and lengths were 

more difficult to elucidate as it merely changed the amount of PEG content in the 

hydrogel system. The amount of ionizable groups in the backbone of the hydrogel was 

determined by potentiometric titration and confirmed that approximately 50% of the 

hydrogel was composed of methacrylic acid in both the P((MAA-co-NVP)-g-EG) and 

P(MAA-co-NVP) hydrogel systems. SEM micrographs showed that the P((MAA-co-

NVP)-g-EG) could be crushed and sieved into a polydisperse population of 

microparticles ranging in diameter from 30-45 μm with an irregular morphology. This 

irregular morphology and polydispersity, although providing challenges in drug loading 

can improve the kinetics of release and extent of mucoadhesion due to increased surface 

area.  
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Furthermore, all synthesized variants of P((MAA-co-NVP)-g-EG) exhibited pH-

responsive swelling behavior, remaining collapsed at acidic pH and swelling between 15-

30 times their original volume at equilibrium. Equilibrium swelling for hydrogel discs 

was achieved after ~72 hours in swelling medium, while P((MAA-co-NVP)-g-EG) 

microparticles achieved equilibrium on a much shorter time scale, 10-30 minutes, as 

determined by turbidmetric analaysis. Upon swelling, PEG-tether-containing hydrogels 

exhibited a faster onset of swelling than their non-PEG-containing counterparts. 

Increased swelling had an inverse relationship with crosslinking density. In the dynamic 

studies, TEGDMA gels swelled to a greater extent than PEGDMA400 gels due to 

hydration and entropic effects. In equilibrium swelling, the final volume swelling ratio 

increased due to PEG incorporation, increased crosslinker length, and decreased 

crosslinking density. All P((MAA-co-NVP)-g-EG) hydrogel formulations exhibited 

significant swelling at neutral conditions and opened pores in the matrix large enough to 

accommodate protein loading and release for drug delivery.   

 

Protein loading into the P((MAA-co-NVP)-g-EG) was accomplished for several model 

protein therapeutics – insulin, porcine growth hormone and ovalbumin. The loading of 

these proteins, in the absence of any additional favorable/unfavorable interactions, 

decreased with increasing molecular weight (loading efficiencies: insulin ~90%, porcine 

growth hormone ~60% and ovalbumin ~55%). However, adjusting the loading conditions 

and taking advantage of favorable electrostatic interactions can improve the loading 

levels. This was demonstrated with porcine growth hormone where decreasing the pH of 
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the loading medium to ensure favorable charge interactions increased the loading 

efficiency from ~60% up to 80%. The effect of crosslinking density and length had 

minimal effect on the loading efficiencies of the selected model proteins. However, the 

inclusion or absence of poly(ethylene glycol) tethers did have an impact. In loading of 

human growth hormone (hGH), the loading was substantially improved in P((MAA-co-

NVP)-g-EG) hydrogels compared to P(MAA-co-NVP), likely due to the increased 

swelling capacity of the PEG-tether containing hydrogels and larger pore sizes available 

for drug diffusion. pH-triggered release of hGH was accomplished with P((MAA-co-

NVP)-g-EG) hydrogels capable of delivering 10-15% of their loaded payload at intestinal 

conditions within 30 minutes with no detectable release in acidic conditions.  

 

Upon confirmation that the ((MAA-co-NVP)-g-EG) hydrogels could successfully load 

and release a model protein therapeutic, their effect on the cellular environment was 

studied. When exposed to two model intestinal cell lines – Caco-2 and HT29-MTX – 

there was minimal-to-no observed effect on cellular proliferation or membrane 

perturbation at concentrations up to 2.5 mg/mL. hGH transport studies examined the 

impact the presence of hydrogel microparticles had on the permeability of hGH across a 

model intestinal epithelial layer.  While both P((MAA-co-NVP)-g-EG) and P(MAA-co-

NVP) hydrogels had no measurable effect on the TEER of the model epithelial layers, 

indicating no disruption of the tight junctions, both hydrogel formulations were able to 

significantly improve hGH permeability. Interestingly, there was no difference in the 

performance between the two classes of hydrogel, P((MAA-co-NVP)-g-EG) or P(MAA-
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co-NVP), indicating that while the incorporation of PEG improves the swelling behavior, 

loading capability, and release potential there is no additional improvement on protein 

permeability.   

 

An in vivo assessment of the hydrogel microparticles was also performed to determine 

the safety of the orally administered hydrogel carriers over long and short timescales and 

to evaluate the bioavailability of hGH delivered from hGH-loaded P((MAA-co-NVP)-g-

EG) and P(MAA-co-NVP) hydrogels. The carriers did not cause any damage to evaluated 

organs – liver, kidney, spleen and gastrointestinal tract – and did not result in either acute 

or chronic inflammation after single or multiple dose administration in murine models.  

P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) crosslinked with 1% PEGDMA400 

were selected for in vivo evaluation due to their increased swelling and loading capacity 

when compared to 1% TEGDMA formulations. In a closed loop intestinal model 

performed in rats, the P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels both 

released their therapeutic payloads and resulted in detectable levels of hGH in the blood 

serum. The calculated hGH bioavailabilites were 0.3% for P((MAA-co-NVP)-g-EG) and 

4.8% for P(MAA-co-NVP), which did not align with the in vitro transport results that 

showed no significant difference in performance between the two formulations. This 

could be attributed to the more rapid onset of swelling in the P((MAA-co-NVP)-g-EG) 

hydrogel formulation that could have resulted in a more rapid release of hGH into the 

intestinal lumen before the hydrogel could interact or adhere to the intestinal lining. This 

early release would increase the volume through which the protein would need to diffuse 
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before being transported across the intestinal epithelial lining and eliminate the beneficial 

concentration gradient to get through the mucus lining. However, additional studies 

would need to be performed to confirm this behavior.  

 

In summary, a novel class of pH-responsive hydrogels were developed based upon 

methacrylic acid, N-vinyl-2-pyrrolidone and poly(ethylene glycol). These P((MAA-co-

NVP)-g-EG) hydrogels exhibited pH-dependent swelling that could be easily modulated 

by varying crosslinking density and length as well as the monomer composition. Multiple 

therapeutic proteins were successfully loaded into the P((MAA-co-NVP)-g-EG) hydrogel 

matrix. It was also determined that by modifying the loading conditions, the loading 

levels of independent proteins can be improved and optimized. Interestingly, while 

changing crosslinking density and length had an impact on swelling, the loading levels 

did not vary significantly with these modifications. Instead, the incorporation or absence 

of PEG tethers exhibited the most significant change on protein loading into the hydrogel 

network. Upon loading, the P((MAA-co-NVP)-g-EG) exhibited pH-controlled release of 

human growth hormone and did not release any detectable amounts at low pH. The 

hydrogels did not result in any cytotoxicity in vitro and showed no signs of toxicity in 

vivo. Furthermore, both P((MAA-co-NVP)-g-EG) and P(MAA-co-NVP) hydrogels were 

able to significant improve hGH permeability in an in vitro model and translate that 

improvement to an in vivo closed loop model where both formulations resulted in 

detectable hGH in the bloodstream after 5-10 minutes. Thus, it can be concluded the 
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P((MAA-co-NVP)-g-EG) crosslinked with either 1% TEGDMA or PEGDMA400 is a 

promising candidate for the oral delivery of higher molecular weight therapeutic proteins.  

 

Future recommendations would include assessing the performance of these hydrogel 

carriers after oral gavage to determine if the PEG tethers are able to improve 

mucoadhesion and subsequent protein bioavailability and to confirm if the observed 

trends in the closed loop studies are also seen in the dynamic environment of the 

gastrointestinal tract. The co-delivery of proteins with permeation enhancers or the 

development of protein-conjugates could dramatically improve the bioavailability of 

hGH or other model proteins from these hydrogel carriers when administered orally. 

Additionally, as protein loading and release into and out of the hydrogel are both limited 

by the diffusion of the therapeutic, hydrogel synthesis techniques that allow for the 

simultaneous synthesis and protein loading could dramatically improve the available 

protein for delivery. Similarly, instead of maintaining its structure through the GI tract, if 

the hydrogel underwent a pH-triggered or enzymatically-triggered degradation in the 

upper small intestine, a larger dose of protein could be administered to the target site for 

absorption into the bloodstream.  
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Appendix A: Optimization of Turbidity 

A.1 METHODS 

To optimize hydrogel microparticle concentration, P((MAA-co-NVP)-g-EG) 1% 

PEGDMA400 microparticle solutions (75-90 μm) at concentrations ranging from 10 

mg/mL to 0.0782 mg/mL were prepared in 1X phosphate buffered saline (PBS) and then 

plated onto a 96-well polystyrene plate. The plate was read every 2 minutes for 40 

minutes at an absorbance of 500 nm using a BioTek Cytation 3 (BioTek, Winooski, VT) 

plate reader. Prior to each reading the plate was shaken for 5 seconds with an orbital 

shaking pattern.  

 

To investigate the effect of particle size on turbidity, P((MAA-co-NVP)-g-EG) 1% 

PEGDMA400 hydrogel microparticles were sieved to the following size ranges: 30-45 

μm , > 45 μm, 45-75 μm, 75-90 μm, and 90-150 μm, and added to 1X PBS at 

concentrations of 1.25, 2.5, and 5 mg/mL. The solutions were plated onto a 96-well 

polystyrene plate and read every 2 minutes for 100 minutes at an absorbance of 500 nm 

using a BioTek Cytation 3 plate reader (BioTek, Winooski, VT). Prior to each reading, 

the plate was shaken for 5 seconds with an orbital shaking pattern.  

A.2 RESULTS AND DISCUSSION 

An optimization of the concentration of hydrogel microparticles was performed to 

determine the concentration at which a discernible decrease in turbidity could be 

observed over time after exposure of the microparticles to swelling conditions. The 
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results displayed in Figure A-1 show the turbidity over time of microparticle solutions 

prepared at 10 – 0.0781 mg/mL in 1X PBS. For microparticle solutions at 10, 5, and 2.5 

mg/mL the relative turbidity, calculated as shown in Equation 4.8, decreases over time as 

they swell, which fits the hypothesized behavior that the contrast between the refractive 

indices of the particle and the solution decreases during swelling [1]. Once the 

concentration drops below 2.5 mg/mL, the difference between turbidity of the polymer 

solution before and after swelling is not significant enough to translate to any changes in 

absorbance resulting in the erratic turbidity curves shown in Figure A-1d – A-1h.  For 

this reason, a 5 mg/mL concentration was deemed sufficient to capture any turbidity 

changes brought about by the swelling of the microparticles in future studies.  

 

Another parameter that has a significant effect on turbidity, as evidenced by the 

expressions in equations 4.2 and 4.4, is the diameter of the microparticles. After the 

interesting behavior described by Knipe, et al., where the absence of a decrease in the 

turbidity of non-degradable P(MAA-co-NVP) microparticles 30-45 μm in diameter was 

attributed to  the inability of the reduced refractive index of microparticles to overcome 

the particle size contribution to turbidity, it is clear that particle size can have significant 

effect on the ability to elucidate pH-mediated swelling mechanisms by turbidimetric 

measurements [1, 2]. P((MAA-co-NVP)-g-EG) 1% PEGDMA400 microparticles of the 

following particle size ranges were analyzed: 30-45 μm, 45-75 μm, 75-90 μm, 90-150 

μm, and > 45 μm and the resulting turbidity curves are shown in Figures A-2 and A-3. At 

the 30-45 μm, 45-75 μm, and 75-90 μm particle diameter ranges, the turbidity changes 



290 

due to swelling exhibit the same behavior as shown by Knipe et al. and described above. 

Once the particle diameter was increased above 90 μm, the hypothesized trend of a 

decrease in relative turbidity upon swelling was observed when particles were prepared at 

a concentration of 5 mg/mL. For all future studies particles of either > 45 μm or 75-90 

μm were chosen and prepared at a concentration of 5 mg/mL.   
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A.3 FIGURES 

 
 

Figure A-1. Optimization of particle concentration for kinetic turbidimetric studies using 
P((MAA-co-NVP)-g-EG) 0.75% PEGDMA400 at the following concentrations: a) 10 
mg/mL b) 5 mg/mL c) 2.5 mg/mL d) 1.25 mg/mL e) 0.625 mg/mL f) 0.313 mg/mL g) 
0.156 mg/mL h) 0.0781 mg/mL (37oC, pH 7.4, n-3).  
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Figure A-2. Optimization of microparticle diameter for kinetic turbidimetric studies 
using P((MAA-co-NVP)-g-EG) 1% PEGDMA400 at the following size ranges a) 30-45 
μm b) 45-75 μm c) 75-90 μm d) 90-150 μm and e) > 45 μm (37oC, pH 7.4, n-3).  

 

 

 

 

 

0.0#

0.2#

0.4#

0.6#

0.8#

1.0#

1.2#

1.4#

0# 20# 40# 60# 80# 100#

Re
la
%v

e'
Tu

rb
id
ity

'

Time'(min)'

5#mg/mL##

2.5#mg/mL#

1.25#mg/mL#

0.0#
0.2#
0.4#
0.6#
0.8#
1.0#
1.2#
1.4#
1.6#

0# 20# 40# 60# 80# 100#

Re
la
%v

e'
Tu

rb
id
ity

'

Time'(min)'

5#mg/mL##

2.5#mg/mL#

1.25#mg/mL#

0.0#
0.2#
0.4#
0.6#
0.8#
1.0#
1.2#
1.4#
1.6#

0# 20# 40# 60# 80# 100#

Re
la
%v

e'
Tu

rb
id
ity

'

Time'(min)'

5#mg/mL##

2.5#mg/mL#

1.25#mg/mL#

0.0#
0.2#
0.4#
0.6#
0.8#
1.0#
1.2#
1.4#
1.6#

0# 20# 40# 60# 80# 100#
Re

la
%v

e'
Tu

rb
id
ity

'
Time'(min)'

5#mg/mL##

2.5#mg/mL#

1.25#mg/mL#

0.0#
0.2#
0.4#
0.6#
0.8#
1.0#
1.2#
1.4#
1.6#

0# 20# 40# 60# 80# 100#

Re
la
%v

e'
Tu

rb
id
ity

'

Time'(min)'

5#mg/mL##

2.5#mg/mL#

1.25#mg/mL#

a) b) 

c) d) 

e) 



293 

 

Figure A-3. P((MAA-co-NVP)-g-EG) 1% PEGDMA400 microparticle diameter 
optimization for kinetic turbidimetric studies. All formulations were prepared at 5 mg/mL 
and read at 500 nm (n=3 +/- S.D.).  
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Appendix B: DMGA Buffer Recipe 

pH mL 0.1M 
DMGA 

mL 0.2N 
NaOH g NaCl DI Water 

(mL) 

3.2 9 1.3 Desired 0.353 79.7 Actual  

3.6 9 2.41 Desired 0.340 78.59 Actual  

4.2 9 3.63 Desired 0.326 77.37 Actual  

4.8 9 4.35 Desired 0.317 76.65 Actual  

5.4 9 5.24 Desired 0.307 75.76 Actual  

5.8 9 6.18 Desired 0.296 74.82 Actual  

6.2 9 7.07 Desired 0.286 73.93 Actual  

6.6 9 7.87 Desired 0.276 73.13 Actual  

7.2 9 8.54 Desired 0.268 72.46 Actual  

7.6 9 8.71 Desired 0.266 72.29 Actual  
 

Table B-1. Dimethylglutaric acid buffers prepared for dynamic swelling studies 
described in section 4.2.7.  
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Appendix C: Copolymer/Terpolymer Composition – Theoretical and 
Experimental Considerations 

C.1 DISCUSSION  

In copolymers, such as P(MAA-co-NVP) and P(MAA-g-EG), the final copolymer 

composition is based upon the feed ratios of the monomers and the reactivity ratios of the 

two monomer components [1].  The copolymer equation (Equation C.1) is used to 

calculate the final molar fraction of the monomer components in the polymerized system.  

 

𝐹! =   1− 𝐹! =
!!!!!!!!!!

!!!!!!!!!!!!!!!!!
      (Equation C.1) 

 

where f1 and f2 are the molar fractions of monomer in the feed, and r1 and r2 are the 

reactivity ratios describing the likelihood of the monomer to react with itself versus its 

comonomer. In the P(MAA-co-NVP) system, the reactivity ratios of MAA and NVP 

were determined by Bianco and Gehlen as r1 = 0.56 and r2 = 0.04[2].  Due to both 

reactivity ratios being less than one, the copolymer will have a tendency to form an 

alternating structure[3, 4] with MAA being incorporated at slightly higher levels than 

NVP due to MAA’s affinity to react with itself and NVP’s tendency to react with MAA. 

After calculation, at a 2:1 MAA:NVP, the final copolymer composition is 68% MAA and 

32% NVP. In P(MAA-g-EG) hydrogels, the reactivity ratios of MAA and PEGMMA, as 

determined by Smith and Klier, are r1 = 2.0 and r2 = 3.6[5]. At a 44:1 molar feed ratio of 

MAA:PEGMMA and with both reactivity ratios greater than 1, an alternating block 

copolymer composed of 99% MAA and 1% PEGMMA would be expected. While 
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polymers containing both NVP and PEG have been synthesized successfully for wound-

healing and bioadhesive applications, these systems have not been true P(NVP-g-EG) 

copolymers, instead are more accurately described as an PVP polymer crosslinked by 

PEG chains [6-8]. Therefore, no reactivity ratios between NVP and PEGMMA have been 

described in the literature.  

In terpolymers, the final composition can also be calculated as a function of the feed 

ratios and the copolymer reactivity ratios as described by the Alfrey-Goldfinger model 

[9]:  

 

𝑟!" =
!!!
!!"

   𝑟!" =
!!!
!!"

   𝑟!" =
!!!
!!"

      (Equation C.2) 
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In order to use this model, one must know the reactivity ratios between each grouping of 

two monomers, i.e. MAA:NVP, NVP:PEGMMA, and MAA:PEGMMA in a P((MAA-

co-NVP)-g-EG) system, and their corresponding feed ratios. The use of this model has 

been limited due to the difficulty in obtaining all of the necessary reactivity ratios for 

calculation[10].  The accuracy of this model in predicting final terpolymer composition 

has also come under question because it assumes the reactivity ratios between two 

monomer species are not affected by the presence of the third monomer [10, 11]. 

However, it has been shown that the kinetics of polymerization in terpolymer systems can 

differ from their copolymer component systems, which means the reactivity ratios 

obtained for copolymer systems are not always an accurate indicator of monomer 

interactions during a terpolymerization [12]. It can be seen that the theoretical 

determination of final terpolymer composition is not an insignificant challenge.  

 

The experimental determination of terpolymer composition is also not a trivial task. 

Many analytical techniques, such as H1-NMR, can only be performed on linear polymer 

and, therefore, neglects the presence of the crosslinking agent in the polymer matrix. 

Elemental analysis can also be used, but relies on having distinguishing elemental 

features of individual monomers, and can also be limited to probing surface composition 

instead of the bulk composition. Potentiometric titration can also be used but is restricted 

to quantifying monomers that have ionic character and retain that ionic character in the 

polymer environment. In anionic or cationic polymers, the ionic monomers that are 

incorporated into the polymer backbone provide the pH-responsive behavior that makes 
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them useful for drug delivery applications, but also allow potentiometric titration be a 

useful means to quantify their presence.  
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Appendix D: Equilibrium Swelling Studies and Theoretical 
Considerations 

D.1 DISCUSSION 

Hydrogels are highly hydrophilic three-dimensional structures capable of imbibing water 

and swelling to many times their original volume. Due to the presence of either physical 

or chemical crosslinks in the network, the hydrogels are able to maintain mechanically 

robust insoluble polymer matrices while undergoing water imbibition [1]. There are 

several molecular parameters used to describe hydrogel properties and to characterize the 

network structure. First the polymer volume fraction, v2,s, describes the amount of water 

imbibed and retained by the hydrogel during swelling and is described by Equation D-1.  

 

𝑣!,! =
!!,!!!!,!
!!,!!!!,!

                   (Equation D-1) 

 

The expression for v2,s is derived from the Archimedes Principle, which states that when 

a body is entirely submerged in a fluid it will experience an apparent loss in weight equal 

to the weight of liquid it displaces. From this principle, the volume fraction of polymer 

can be determined as a ratio of weights of the hydrogel disc in the swollen and dry state 

in air and heptane, a nonsolvent. The subscripts in Equation D-1 represent the conditions 

under which the hydrogel was weighed.  

 

The other important molecular parameters used describe the hydrogel network are the 

molecular weight between two neighboring crosslinking points, 𝑀!, and, the 
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corresponding length, 𝜉 [1, 2]. The derivation of these parameters is significantly more 

complex and will be described briefly here.  

 

The structure of nonionic gels can be analyzed with the Flory-Rehner theory [3], which 

describes hydrogel swelling when the hydrogel is not prepared in the presence of a 

solvent. It states that when a hydrogel is introduced into a swelling medium, it will reach 

equilibrium with the surrounding environment. The equilibrium exists due to a balance 

between two opposing forces: the thermodynamic force to reduce entropy via mixing and 

the elastic retractive forces of the polymer chains. This relationship can be shown in 

terms of Gibbs free energy (Equation D-2).  

 

∆𝐺!"!#$ = ∆𝐺!"#$%&' + ∆𝐺!"#"$%                (Equation D-2) 

 

where ∆𝐺!"#$%!" represents the free energy contributions due to the elastic retractive 

forces within the polymer structure and ∆𝐺!"#"$% measures the compatibility of the 

polymer with the surrounding fluid, which is typically expressed by the polymer-solvent 

interaction parameter, 𝜒!. If the expression for the free energy of swelling is 

differentiated with respect to the moles of the solvent molecules at a constant temperature 

and pressure, the following expression is derived:  

 

𝜇! − 𝜇!,! = ∆𝜇!"#$%&' + ∆𝜇!"#"$%                (Equation D-3) 
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where 𝜇!is the chemical potential of the solvent in the polymer gel and 𝜇!,! is the 

chemical potential of the pure solvent. Upon achieving equilibrium, the difference in 

chemical potential between the interior and exterior of the gel should be zero and, 

consequently, the changes in chemical potential due to both elastic and mixing forces will 

balance one another. When equating these two contributions, the resulting expression 

shown in Equation D-4 can be used to calculate the 𝑀!, molecular weight between 

adjacent crosslinks, in a hydrogel prepared in the absence of the solvent [1, 2].  

 

!
!!
= !

!!
−

!
!!

!" !!!!,! !!!,!!!!!!,!!

!!,!
! !!

!!,!
!

                (Equation D-4) 

 

Where V1 is the molar volume of water (18.0 cm3mol-1), 𝑀! is the average molecular 

weight of the polymer chains prepared under identical conditions but in the absence of a 

crosslinking agent, and 𝑣 is the specific volume of the polymer, i.e. the ratio of the 

substance’s volume to its mass, which can be calculated with Equation D-5, where 𝜌! is 

the density of the heptane (0.684 g/mL).  

 

𝑣 = !
!!

!!,!!!!,!
!!,!

                  (Equation D-5) 
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The Peppas-Merrill equation expands the Flory-Rehner theory to describe the molecular 

weight between crosslinks in neutral hydrogels prepared in the presence of a solvent 

(Equation D-6) [4].  

 

!
!!
= !

!!
−

!
!!

!" !!!!,! !!!,!!!!!!,!!

!!,!
!!,!
!!,!

!/!
!

!!,!
!!,!

	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Equation D-6)	  

 

It modifies the change in chemical potential due to the elastic forces by accounting for 

the volume fraction density of the chains immediately after polymerization but before 

introduction to a solvent. This so-called relaxed state is represented as v2,r and is 

calculated as shown in Equation D-7. This relaxed state is actually a misnomer, as the 

polymer chains are in a state of tension following polymerization [5].  

 

𝑣!,! =
!!,!!!!,!
!!,!!!!,!

                   (Equation D-7) 

 

In the Peppas-Merrill equation, the value for 𝑀! can be determined either experimentally 

or theoretically. For experimental treatment, the prepared uncrosslinked polymer chains 

can be run through a gel permeation chromatography (GPC) instrument against a set of 

standards of known molecular weight and polydispersity. The theoretical treatment 

requires inputting the known swelling parameters, 𝑣, 𝑉!, 𝜒! and 𝑣!,!, into Equation D-6 

and varying the values of 𝑀! to calculate 𝑀!. At a critical 𝑀! value, the 𝑀! will plateau. 
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This value can then be used under the assumption that the polymerization has gone to a 

high conversion, which should be the case for UV polymerizations not hindered by 

diffusional limitations seen in bulk polymerizations [5]. It should be noted that if you set 

v2,r equal to 1 in Equation D-6, which is the case for bulk polymerizations, it will simplify 

to Equation D-4.  

 

For ionic hydrogels, an additional set of interactions needs to be factored in to accurately 

determine the molecular weight between crosslinks, 𝑀!. Equation D-2 describing the free 

energy contributions for nonionic contributions, can be modified to include the 

contribution due to the ionic nature of the polymer network, as show in Equation D-8.  

 

∆𝐺!"!#$ = ∆𝐺!"#$%&' + ∆𝐺!"#"$% + ∆𝐺!"#!$               (Equation D-8) 

 

Upon differentiating the previous expression with respect to the moles of solvent at 

constant pressure and temperature yields the following expression:  

 

𝜇! − 𝜇!,! = ∆𝜇!"#$%&' + ∆𝜇!"#"$% + ∆𝜇!"#!$               (Equation D-9) 

	  

where ∆𝜇!"#!$ represents the change in chemical potential due to the ionic character in the 

hydrogel. Brannon-Peppas and Peppas derived two equivalent expressions for the anionic 

and cationic hydrogels that consider the ionic contributions to the chemical potential, 

which are highly dependent on the ionic strength and nature of the ions of the 
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surrounding swelling medium [6]. These equations were subsequently modified by 

Koetting, et al., to account for two terms that were omitted from the initial publication, 

and are shown in Equations D-10 and D-11 for anionic and cationic hydrogels, 

respectively [7].  
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                     (Equation D-11)  

 

where I is the ionic strength of the swelling medium (mol/mL), χ is the molar fraction of 

the ionizable monomers in the polymer, and Mr, is the average molecular weight of a 

repeat unit (g/mol). The pKa and pKb values refer to the acid and base dissociation 

constants, respectively, while the pH value is the pH of the swelling medium.  

 

To calculate the 𝑀! in ionic systems, the values for v2,r, v2,s, and 𝑣 are calculated as 

previously described in this section using equations D-7, D-1, and D-5. In order for the 

Flory-Rehner, Peppas-Merrill, and Brannon-Peppas theories to hold true, the value of the 

Flory interaction parameter, 𝜒!, must be less than 0.5 [1, 2]. The 𝜒!value was calculated 
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by taking the average of the homopolymers of PMAA, PVP, and PEG with water 

weighted by their molar feed ratios, as shown in Equation D-12.  

 

𝜒! =
[!!∗!!""!!!∗!!"!!!!"#$$%]

!"
               (Equation D-12) 

 

The χ1 value for PVP is 0.48 [8], the χ1 value for PEGMMA is 0.436 [9], and the χ1 

value for MAA [10, 11] can be determined with the following expression:  

 

𝜒!"" = 0.44+ 0.6𝑣!,!                (Equation D-13) 

 

Similarly, the molar fraction of the ionizable monomers in the polymer, χ, can be 

determined as the ratio of MAA to the overall monomer content in the feed. The average 

molecular weight of a repeat unit, Mr, is taken as the weighted average of the molecular 

weight of the monomers (based on the molar feed).  

 

𝑀! =
[!!∗!!,!""!!!∗!!,!"#!!!,!"#$$%]

!"
              (Equation D-14) 

 

Where the molecular weights of MAA, NVP, and PEGMMA 1000 are 86.08, 111.18, and 

1100 g/mol, respectively. The molecular weight between crosslinks can then be 

calculated from the inputted values.  
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From the molecular weight between crosslinks, 𝑀!, the mesh size, ξ, or correlation 

length, can be determined, which describes the average linear distance between 

crosslinks. The mesh size can be calculated using the following equation:  

 

𝜉 = 𝑎 𝑟!!
!/!

                 (Equation D-15) 

 

where 𝑟!!
!/!

is the unperturbed distance, also defined as the root-mean-square end-to-

end distance of the polymer chains between crosslinks, and a is the elongation ratio of the 

polymer chains in any direction. Both 𝑟!!
!/!

 and a can be further described with 

parameters that can be readily determined experimentally or found in literature. For an 

isotropically swollen hydrogel, a, can be related to the volume swelling ratio, v2,s, by 

Equation 3.30.  

 

𝑎 = 𝑣!,!!!/!                  (Equation D-16) 

 

The root-mean-square end-to-end distance of the polymer chains can then be calculated 

by the following expression:  

 

𝑟!!
!/! = 𝑙(𝐶!𝑁)!/!                (Equation D-17) 
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where l is the bond length of the polymer backbone, which is accepted to be 1.54Å in 

carbon-carbon [12], and N, the number of links per chain as calculated by Equation 3.32.  

 

𝑁 =    !!!
!!

                  (Equation D-18) 

 

CN is the Flory characteristic ratio, which is taken as the weighted average of the Flory 

characteristics of the homopolymers PMAA (CN, MAA = 14.6) [13], PVP (CN,PVP = 12.3) 

[14], and PEG (CN,PEGMMA=4.0) [15, 16] based on the molar feed (Equation D-19).  

 

𝐶! =
[!!∗!!,!""!!!∗!!,!"#!!!,!"#$$%]

!"
              (Equation D-19) 

 

By substituting equations D-16, D-17, and D-18 into equation D-15, the following 

expression for the mesh size, ξ, can be derived: 

𝜉 = 𝑣!,!!!/!
!!!!!
!!

!/!
𝑙                (Equation D-20) 
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