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ABSTRACT OF THE DISSERTATION 

Design and characterization of salicylic acid-based hydrogels for protein delivery 

applications 

 

by BAHAR DEMIRDIREK 

 

Dissertation Director: 

Kathryn E. Uhrich 

 

Combination drug delivery has received much attention in the pharmaceutical 

industry to meet the need for increased efficacy and improved patient compliance. 

Hydrogels are cross-linked networks of hydrophilic polymers that resembles natural tissue 

and thus successfully developed for drug delivery applications. In three separate chapters, 

this dissertation describes novel salicylic acid-based hydrogel systems that concurrently 

deliver salicylic acid as well as the encapsulated protein. The hydrogels systems described 

herein are formed via physically and chemically cross-linking techniques.  

First, salicylic acid-based poly(anhydride-esters) were physically cross-linked with 

poly(N-isopropylacrylamide-co-acrylic acid) via a solvent-casting technique to form 

injectable hydrogel systems. The physical interactions between these polymer systems 

were characterized by Fourier transform infrared spectroscopy. Bovine serum albumin, a 

representative protein, was successfully incorporated into the hydrogel systems. The 
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release profiles of both salicylic acid and bovine serum albumin were ascertained.  

Second, salicylic acid-based poly(anhydride-esters) were physically cross-linked 

with poly(acrylic acid) to develop pH-sensitive hydrogels for oral protein delivery. These 

systems were characterized using spectroscopic techniques such as Fourier transform 

infrared spectroscopy. Insulin was incorporated into these systems, release of both insulin 

and salicylic acid was determined to be pH-dependent. The physical and chemical stability 

of insulin was characterized following release from the hydrogel system. In addition, these 

systems displayed mucoadhesive behavior which may further enable insulin 

bioavailability. The results suggest that these systems may be useful for oral administration 

of insulin and salicylic acid.  

Third, salicylic acid was chemically incorporated into hydrogel systems via 

attachment of salicylic acid to an itaconate moiety followed by cross-linking using acrylic 

acid and poly(ethylene glycol)-diacrylate via UV. The structure, swelling behavior, pore 

structure, salicylic acid release, rheological, and mucoadhesion behavior of these hydrogels 

were studied. These hydrogels systems showed pH-responsive behavior:  collapsing at 

acidic pH levels and leading to slower salicylic acid release, and swelling at higher pH 

conditions leading to salicylic acid release within 24 hours. Pore structure analysis showed 

a promising pore size for physically encapsulating of proteins.  

In conclusion, these results suggested that these systems can potentially be used in 

combination delivery of proteins and salicylic acid. 
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1. INTRODUCTION 

 

The pharmaceutical industry has been developing and using drug delivery systems 

to increase drug bioactivity and improve patient comfort. Drug delivery systems based on 

polymers have shown improved active compound solubility, bioavailability, and extended 

delivery to reduce the number of doses required. Many polymer-based drug delivery 

products have been approved by FDA, are commercially available, and can administer 

drugs to various in vivo sites.1, 2 

 

1.1. Drug Administration Routes 

 

Drugs can be introduced into the body by several routes. Figure 1.1 displays the 

possible administration routes: Drugs can be taken by mouth, given by injection, sprayed 

through the nasal cavity, inserted into the rectum or vagina, applied to the skin, or dispersed 

into the eye. The administration route is chosen depending on the diseased area, active 

compound stability, dose requirement, and bioavailability. Each route has its own 

advantages and disadvantages, with oral and injection administration as the most common 

routes. 

Oral administration is the most common drug route as it is the cheapest, safest, and 

most patient-friendly. Orally administrated drugs migrate through the gastrointestinal (GI) 

tract, such that absorption may begin in the mouth, followed by the stomach, and then in 

the intestine, where most of the absorption occurs. Overall, the drug passes through the 
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mouth, stomach, and intestine before transferring to the liver via the portal vein, having 

been absorbed and transported to the target site through the bloodstream.3 Other 

administration routes are used when a drug has poor absorption in GI tract and a high 

concentration of the drug must be administrated rapidly. 

 

Figure 1.1: Diagram of various drug administration routes  



3 
 

 

 

Injection is the second most common route and is used if the drug cannot be 

delivered orally or if a high and rapid dose of the drug needs to be administered. There are 

several different types of injections: subcutaneous, intramuscular, intravenous, 

transdermal, and implantation. The injection route is chosen depending on the required 

dose and disease area. Although the injection route must be used for high concentration 

and rapid dosages, it is less preferred by patients as it is more painful. 

 

1.2. Drug and Protein Delivery Systems 

 

Drug and protein delivery systems are being developed as extended controlled 

release systems to increase the therapeutic level of the active compounds and overcome the 

poor solubility of the active compound. In immediate release systems, the active compound 

blood concentration spikes and falls with each administration, requiring multiple 

administrations (Figure 1.2A). In extended release systems, drug concentration can be 

maintained within the therapeutic window (Fig 1.2B). Typically, three types of extended 

delivery systems for proteins have been studied: liposomes, microspheres and hydrogels.4-

6 
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Figure 1.2: Drug concentration in (A) immediate release formulation and (B) extended 

release formulation 

 

Liposomes, lipid-based delivery systems, have been heavily investigated and have 

proved successful in clinical studies for site-specific drug delivery applications.1 Many 

liposome-based drug delivery systems are approved by the FDA7, 8 for small molecules and 

have been researched for protein delivery. These systems protect proteins from 

denaturation and enable their extended release via diffusion and liposome disintegration.9, 

10 However, these systems need further development as the controlled protein release has 
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not been effectively achieved and an opsonization, liposomes clearance, needs 

improvement.11  

Microspheres are small spherical particles prepared from synthetic or natural 

polymers. They have been studied for drug/protein delivery applications because of their 

ability to produce extended release profiles via diffusion.12 Natural and synthetic polymeric 

systems have been evaluated as the matrix material, with poly(lactic-co-glycolic acid) 

(PLGA) being the most common, and have already received FDA approval for small 

molecule delivery.13,14 However, PLGA still need improvement for protein delivery 

applications, it denaturates during polymer hydrolysis, which causes an acidic 

microenvironment.15-17 In addition, PLGA microspheres have shown burst and incomplete 

release profiles.16, 18 

The last category for drug/protein delivery are hydrogels that are used because of 

they can protect drug and protein structures during the encapsulation process and because 

protein encapsulation can be performed at low temperatures and in aqueous environments.6 

They will be discussed in more detail in Section 1.3. below. Diffusion is the main drug 

release mechanism in hydrogel systems. When the hydrogel is in aqueous media, water 

penetrates into the cross-linked system, which causes the network to swell and leads to 

drug solubilization and diffusion from hydrogel pores. The drug release rate of the hydrogel 

systems can easily be adjusted via cross-linked ratio.6 Furthermore, stimuli-responsive 

hydrogel systems, which have been developed to deliver active compounds to different 

sites of the body, see Section 1.3.2., have shown promising in vivo results compared to 

other stimuli-responsive systems.4, 6 
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1.3. Hydrogels 

 

Hydrogels are cross-linked networks of hydrophilic polymers capable of retaining 

water and/or biological fluids. These networks were discovered in the early 1950s for soft 

contact lenses.19 Since then, many hydrogels have been developed for a variety of 

biomedical applications including drug/protein delivery, tissue engineering, contact lenses, 

and stent coatings.6,20 In this dissertation, hydrogels from biocompatible and/or 

biodegradable polymers are the focus of drug/protein delivery. 

The cross-linked networks are achieved either through temporary physical cross-

linking or through permanent chemical cross-linking methods, as shown in Figure 1.3. 

Physically cross-linked gels can be developed via non-covalent interactions, ionic 

interactions, hydrogen-bonding, and/or hydrophobic interactions. Chemically cross-linked 

systems are permanent covalent bonds between polymer chains. For example, these 

networks can be synthesized by radical polymerization, click chemistry, or Michael 

addition. Chemically cross-linked hydrogels systems are, in general, mechanically stronger 

than the physically cross-linked hydrogel systems, as they form permanent and irreversible 

covalent bonds.21,22 Physical and chemical properties of the hydrogel systems can be 

changed by altering the polymer type, crosslink density (i.e., concentration of polymer to 

cross-linking agent), and solvent amount. 
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Figure 1.3: Illustration of a (A) physically cross-linked and (B) chemically cross-linked 

hydrogel structure 

 

1.3.1. Smart hydrogels 

 

Hydrogels can respond to environmental changes, such as temperature, pH, and 

light. Environmentally sensitive hydrogels, which are also referred to as smart hydrogels, 

are ideal candidates for site-specific drug delivery applications, as the active compound 

release can be controlled easily by changing the chemical structure of hydrogels as detailed 

in the following section. 

A 

B 
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1.3.1.1. pH-sensitive hydrogels 

 

pH-sensitive hydrogels contain pendant acidic or basic group, which swell or 

deswell depending on the solution pH. Figure 1.4 shows examples of acidic (top) and basic 

(bottom) polymers that respond to solution pH changes. Poly(acrylic acid), an anionic 

polymer, releases protons at high pH and leads to higher swelling when ionized (Figure 

1.4, top). In contrast, poly(N,N’-diethylaminoethyl methacrylate) (PDEAEM) is a cationic 

polymer (Figure 1.4, bottom) that ionizes at low pH and swells more at lower pH values. 

 

Figure 1.4: pH-dependent ionization, poly(acrylic acid) and poly(N,N’-

diethylaminoethyl methacrylate)23 
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1.3.1.2. Temperature-sensitive hydrogels 

 

Temperature-sensitive hydrogels respond to the local temperature of the 

environment. They typically contain hydrophilic and hydrophobic groups such as methyl, 

ethyl, and propyl.  Several commonly used temperature-sensitive polymers developed for 

hydrogel systems are shown in Figure 1.5 and under transitions through a lower critical 

temperature (LCST). Below their critical solution temperature, the hydrophilic part of the 

polymer dominates and forms H-bonding between water molecules. With increased 

temperatures, H-bonding networks between water and hydrogels are broken and the 

hydrophobic group dominates, leading to enhanced hydrophobic interactions. Below their 

LCST, these systems are swollen. 
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Figure 1.5: The most commonly used temperature-sensitive polymers: Poly(N-

isopropylacrylamide), poly(N,N’-diethylacrylamide and poly(N-isopropylacrylamide-co-

butyl methacrylate)23 

 

1.3.2. Hydrogels for drug/protein delivery 

 



11 
 

 

Hydrogel systems are excellent candidates for a range of drug delivery devices, 

such as bioadhesives, targetable devices, and controlled release devices. These platforms 

can be used for oral, rectal, ocular, epidermal and subcutaneous injections.24 

As described previously (Section 1.1), oral delivery is the preferred administration 

route. Hydrogel systems can deliver active compounds to the mouth, stomach, and intestine 

by controlled swelling and adhesion behaviors. For example, in vivo studies on diabetic 

rats show promise that, by using anionic hydrogels (described in Section 1.3.1.1), insulin 

can be orally administered to increase insulin bioavailability.25, 26 As another example, 

cationic hydrogel systems can be used for stomach-specific delivery, such as delivery of 

antibiotics to treat Helicobacter pylori.27 Bioadhesive hydrogel systems can treat oral 

cavity cancers, made with mucoadhesive polymers, hydroxypropyl cellulose, and 

poly(acrylic acid), is commercially available.28 

Another drug delivery site that has received attention is subcutaneous delivery. 

Poly(2-hydroxyethyl methacrylate) and poly(acrylamide-co-monomethyl or monopropyl 

itaconate) have been used as biocompatible hydrogel systems designed to deliver anti-

cancer drugs.29,30 In addition, temperature-sensitive hydrogels with sol-gel phase 

transitions, which are soluble at room temperature and form gels at body temperature, have 

been designed for drug and protein delivery. 31, 32 

 

1.4. Polyanhydrides 

 

Polyanhydrides are being investigated as controlled drug delivery systems due to 

their surface erosion behavior, hydrolytic sensitivity, and tunable degradation rate.33, 34 The 
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only example of an FDA-approved device that is comprised of polyanhydrides is the 

biodegradable Gliadel® wafer, which delivers carmustine, a chemotherapeutic treatment 

for malignant glioma.35,36 Yet, the physical encapsulation of active compounds often causes 

low-drug loading and a burst drug release. To overcome these limitations, the active 

compound can be chemically conjugated within the polymer backbone or as a pendant 

group to achieve higher drug loading and controlled drug release via hydrolytic cleavage.37 

 

1.4.1. Salicylic acid-based poly(anhydride-esters) 

 

Salicylic acid-based poly(anhydride-esters) (SAPAE) are unique, bioactive-based 

delivery systems. Salicylic acid (SA), a non-steroidal anti-inflammatory drug, was 

chemically incorporated to the polymer backbone via biodegradable linker, and more than 

85% drug loading was achieved.38, 39 Labile ester and anhydride bonds within the polymer 

are hydrolytically cleaved in a zero-order release rate. The degradation rate and thermal 

properties (glass transition temperature) of the delivery systems should be suited to specific 

applications (e.g., injection or oral). The degradation rate of SAPAE can be altered via the 

linker.40, 41 As shown in Figure 1.6, several linkers, including aliphatic, branched, and 

aromatic groups, were evaluated.40, 42 Glass transition (Tg) temperatures were also altered 

with the linker molecules, with longer aliphatic chains lowering Tg values and aromatic 

linkers achieving the highest values. Moreover, in vitro salicylic acid release was faster 

with polymers containing linear aliphatic linkers, whereas slower degradation rates were 

observed in aromatic and branched linkers.40 Overall, SA release can be altered from days 
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to months by changing the chemical structure of the linker for desired applications and 

drug administration routes. 

 

Figure 1.6: Synthesis of SAPAE with alternate linkers 

 

1.4.1.1. Salicylic acid 

 

SA is the active compound of the low cost anti-inflammatory drug aspirin, which 

hydrolyzes in vivo to yield SA. SA has been used as anti-inflammatory drug for decades 

and recent studies indicate that salicylic acid can be used to treat cancer,43 arthritis,44 and 

fungal infections.45 Furthermore, other studies have shown that inflammation exacerbates 
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type 2 diabetes and that salicylates, in general can reduce insulin resistance,46-51 suggesting 

that SA may affect oxidative stress, insulin resistance, and vascular inflammation.47 

 

1.5. Diabetes 

 

Diabetes is a metabolic disease in which the patient’s body does not produce 

enough insulin or its cells do not respond to insulin. In either case, the outcome is high 

blood glucose (sugar) levels. About 382 million people in worldwide currently suffer from 

diabetes and the number may increase to 592 million by 2035.52 

Diabetes is categorized into two types. In general, type 1 diabetes develops in early 

adulthood. Because their bodies do not produce enough insulin, type 1 diabetes patients 

are insulin-dependent.53 In type 2 diabetes, the body does not respond to insulin properly 

and this is referred to as insulin resistance.53 Obesity and unhealthy diet can cause type 2 

diabetes, which may be controlled by weight loss and a healthy diet. However, patients 

generally need to take medication and insulin in later stages of the disease.54 

 

1.6. Research Projects 

 

Salicylic acid-based poly(anhydride esters) (SAPAEs) have been researched for 

nearly two decades and formulated into microspheres, films, discs, coatings, electrospun 

fibers, and hydrogels. In this dissertation, unique, environmentally-sensitive SAPAE- 

based hydrogels were developed for injectable and/or oral delivery of salicylic acid and 

proteins. Uniquely for biodegradable polymers, salicylic acid was chemically incorporated 
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into hydrogel systems to develop more robust protein delivery systems. Each chapter 

addresses a specific issue and is separately published or the manuscripts are under 

preparation. 

 

1.6.1. Physically cross-linked salicylic acid-based poly(N-

isopropylacrylamide-co-acrylic acid) injectable hydrogels for protein 

delivery 

 

In this chapter, physically cross-linked injectable hydrogels were developed from 

SAPAEs and poly(N-isopropylacrylamide-co-acrylic acid) for protein delivery 

applications. These systems are developed to deliver SA and protein simultaneously to 

achieve synergistic effects. The physical interactions between these polymer systems were 

confirmed using Fourier transform infrared spectroscopy (FT-IR) and Differential 

scanning calorimetry (DSC). Furthermore, the pore structures of these systems were 

evaluated using scanning electron microscopy. A model protein, bovine serum albumin 

(BSA), was physically incorporated within the hydrogels systems, with sustained slow 

release achieved over several days. Concurrently, salicylic acid was released from the 

hydrogels in a sustained manner for up to 120 hours. Hydrogel systems were 

cytocompatible at relevant therapeutic concentrations. Figure 1.7 shows the hydrogels 

behavior at room temperature and 37°C in D.I. water. Poly(N-isopropylacrylamide-co-

acrylic acid) has a unique temperature-sensitive behavior, which becomes hydrophobic at 

temperatures above their LCST. On the left-hand side (Fig 1.7A), hydrogels are solubilized 

throughout the water. In contrast, on the right-hand side (Fig 1.7B), the hydrogel systems 



16 
 

 

are separated from the water. In addition to the unique combination delivery of SA and 

protein, these systems achieved higher BSA loading compared to commercially available 

PNIPAM-based hydrogels and sustained BSA release.55 

 

Figure 1.7: PNIPAM-co-AA:SAPAE hydrogel systems (A) at room temperature (RT) 

(hydrogels are solubilized throughout the water) and (B) at 37 °C in D.I. water (hydrogels 

are separated from the water) 

 

1.6.2. Salicylic acid-based pH-sensitive hydrogels as potential oral insulin 

delivery systems 

 

In this chapter, SA-based poly(anhydride-esters) were physically cross-linked with 

poly(acrylic acid) (PAA) in various ratios to develop pH-sensitive cross-linked hydrogel 

systems for intestine-specific insulin delivery. These hydrogels were characterized by FT-

A B 
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IR and DSC to understand the physical interactions between these compounds. 

Furthermore, the pore size and swelling behavior of these hydrogels were evaluated by 

scanning electron microscopy (SEM). Pore size and swelling behavior were dependent on 

relative PAA concentrations, such that increasing PAA content increased pore size and 

swelling value. Moreover, when insulin was physically incorporated into hydrogels, ~50 

wt% insulin was incorporated into the networks. Insulin and SA release were evaluated at 

pH values of 1.2 and 6.8 to simulate stomach and intestine conditions, respectively. Insulin 

release was minimum (~4-8 wt%) in acidic conditions (pH 1.2) over 2 hours and SA release 

was also minimum (~20 wt%). In more neutral conditions (pH 6.8), ~ 90% of the insulin 

and ~ 70% of SA were released within 24 hours. Insulin physical stability was confirmed 

by size exclusion chromatography and results were less than United States Pharmacopeia 

specification (NMT 1%). These results suggest that hydrogels can protect insulin in acidic 

conditions and possibly be used for oral insulin and salicylic acid delivery to benefit 

diabetes patients. Figure 1.8 represents the pH-dependent behavior of the hydrogels. Fig 

1.8A shows a dry hydrogel; Fig 1.8B shows a gel after incubation in 0.1 N HCl; and Fig 

1.8C shows the gel after incubation in pH 6.8 buffer. Notably, in neutral conditions, the 

hydrogel volume swelled 20 times relative to dry gel. In 0.1N HCl hydrogel volume is 

almost the same as dry gel. The insulin loading, release profile, and mucoadhesion profile 

of these hydrogel systems were comparable to the published literature.26, 56 These results 

suggest that these systems may have a similar in vivo profile. In addition, SA and insulin 

combination therapy may be useful for diabetes patients, as SA reduces insulin resistance. 
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Future work includes in vivo studies in diabetic rats to evaluate blood glucose levels 

following oral delivery. 

 

Figure 1.8: PAA: SAPAE hydrogel systems: (A) dry PAA:SAPAE hydrogel (B) in 

0.1N HCl (pH 1.2) over 24-hour at 37°C (C) in phosphate buffer (pH 6.8) over 24-hour at 

37°C 

 

1.6.3. Novel salicylic acid-based chemically cross-linked pH-sensitive 

hydrogels as potential drug delivery systems 

 

In this chapter, SA was chemically incorporated into hydrogel systems via covalent 

attachment to an itaconate moiety followed by UV-initiated cross-linking using acrylic acid 

A B C 
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and poly(ethylene glycol) diacrylate. The structure of the hydrogel system was confirmed 

using FT-IR spectroscopy. These SA-based hydrogels showed pH-responsive behavior, 

collapsing at acidic pH (1.2) and swelling at higher pH (7.4) values. The pore structure was 

studied using SEM. These networks exhibit promising pore sizes (15 to 60 µm) for 

physically encapsulating proteins. Furthermore, the SA release was analyzed using high-

pressure liquid chromatography (HPLC). The hydrogel systems exhibited a pH-dependent 

SA release profile: SA release was much slower in pH 1.2 as compared to pH 7.4. Under 

acidic pH conditions, 30 wt % SA was released after 24 hours, whereas 100 wt% SA was 

released in a sustained manner within 24 hour in pH 7.4 PBS buffer. In addition, rheological 

studies of the hydrogels proved that these systems are mechanically strong and robust. 

Mucoadhesive behaviors were also confirmed using a Texture Analyzer. These systems’ 

mucoadhesion behavior and detachment force values are much higher than previously 

published hydrogel systems developed for oral protein delivery.26 Furthermore, these 

systems are unique as they are the first chemically-conjugated SA-based hydrogel systems. 

These results suggest that SA-based hydrogels can be potentially used for oral delivery of 

bioactives in combination with SA to treat cancer and diabetes. Future work includes 

protein encapsulation to hydrogel systems and evaluating release behavior for dual 

delivery. 
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2. PHYSICALLY CROSS-LINKED SALICYLIC ACID-BASED POLY(N-

ISOPROPYLACRYLAMIDE-CO-ACRYLIC ACID)  HYDROGELS FOR 

INJECTABLE  PROTEIN DELIVERY 

 

2.1. Introduction 

 

Extended release bioactive-delivery systems are actively being studied to maintain 

therapeutic drug level while eliminating the need for multiple dosages, which sometimes 

cause patient discomfort and possible infections. Several delivery systems that have 

received commercial success, including microspheres, liposomes, and hydrogels, have also 

achieved extended release. Among these systems, hydrogels have become significant for 

protein and drug delivery applications, owing to their tunability, similarity to natural living 

tissue, and ability to locally deliver bioactives.1 

Hydrogels are three-dimensional cross-linked networks of water-soluble polymers 

capable of imbibing large quantities of water or biological fluids.2-4 Such polymeric 

networks are formed by chemical crosslinks (covalent bonds) or physical crosslinks 

(intermolecular interactions)5-8 which can be used to control pore size and pore volume. 

Temperature-sensitive hydrogels have been studied for protein delivery, because proteins 

can be encapsulated at low temperatures, which reduces the risk of protein denaturation. 

Hydrogels contain segments of hydrophobic and hydrophilic groups, enabling unique 

hydrophilic-hydrophobic transitions at their lower critical solution temperature (LCST). 

Below the LCST, the hydrophilic component hydrogen-bonds with water molecules, 

leading to swelling and expansion in water. As the temperature increases, the hydrogen 
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bonding between water molecules and the hydrophilic part of the hydrogel weakens, 

whereas the hydrophobic interactions between the hydrophobic components becomes 

stronger, prompting hydrogel shrinking. Poly(N-isopropylacrylamide) (PNIPAM) systems 

are commonly utilized temperature-sensitive systems due to their LCST around 

physiological temperatures (32°C). Research has demonstrated that by copolymerizing 

PNIPAM with acrylic acid, the LCST value can be increased, because resulting in 

enhanced hydrophilic interactions.9 

To develop combination delivery of two active compounds, such as a small 

molecule and a protein to achieve synergistic effect, temperature-sensitive polymer, 

poly(N-isopropylacrylamide-co-acrylic acid) (PNIPAM-co-AA) (Figure 2.1.B) and 

salicylic acid-based poly(anhydride esters) (SAPAEs) were used. Salicylic acid (SA) was 

chosen for this study as it has shown promising results in many diseases, such as colorectal 

cancer,10 diabetes,11, 12 and arthritis.13 In addition, it has anti-inflammatory, analgesic, and 

anti-pyretic effects.14 SAPAEs have been well researched over the past decade.15, 16 In these 

systems, salicylic acid is chemically incorporated into a polymeric backbone, leading to 

high drug loading (85%) and enabling a controlled, sustained release of salicylic acid upon 

polymer degradation via hydrolysis (Figure 2.1A). Furthermore, these systems reduce 

inflammation17 and enhance bone regeneration in diabetic animals.18 As the gel component, 

PNIPAM-co-AA was chosen for its potential to form hydrogen bonds. The carboxylic 

groups of co-monomer acrylic acid also increase hydrophilicity, which increases the gel 

pore size and may increase encapsulation. 

The purpose of this chapter was to develop physically cross-linked, SA-based 

hydrogels systems to deliver SA in combination with a model protein, bovine serum 
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albumin (BSA), in a sustained manner. To create the gels, PNIPAM-co-AA and SAPAEs 

were blended. The interactions, pore structure, and SA release were studied. Then, BSA 

was incorporated into the hydrogel system via a swelling-deswelling technique and its 

release profile evaluated. The cytocompatibility was studied using MTS assay. 

 

 

Figure 2.1: Chemical structures of (A) SAPAEs and its degradation products (salicylic 

acid and adipic acid), and (B) poly(N-isopropylacrylamide-co-acrylic acid). 

 

2.2. Experimental Section 

 

2.2.1. Materials 

 

A

B.
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Fetal bovine serum was purchased from Atlanta Biologicals (Lawrenceville, GA). 

3T3 mouse fibroblast cells were purchased from ATCC (Manassas, VA). Hydrochloric 

acid and Thermo Scientific Pierce Micro BCA (bicinchoninic acid) Protein Assay Kit were 

purchased from Fisher Scientific (Fair Lawn, NJ). PNIPAM-co-AA and all other chemicals 

and reagents were purchased from Sigma-Aldrich (Milwaukee, WI). All reagents were 

used as received from Sigma-Aldrich. 

 

2.2.2. Hydrogel formation 

 

SAPAEs were synthesized according to previously published methods.15, 16 Briefly, 

SA (2 eq) was dissolved in 100 mL anhydrous tetrahydrofuran (THF) and pyridine (4 eq). 

Adipoyl chloride (1 eq), dissolved in 15 mL THF, was added drop-wise, resulting in a 

white suspension. The reaction mixture was quenched over water, and acidified to pH 2 

using concentrated HCl. The formed precipitate was filtered, washed with water (3 × 250 

mL), and dried in vacuo to yield diacid intermediate. The diacid intermediate was then 

suspended in 80 mL acetic anhydride and stirred overnight under argon at room 

temperature, producing a pale yellow solution. Excess acetic anhydride was removed in 

vacuo and the resulting acetyl-terminated monomer heated at 180°C under vacuum with 

mechanical stirring for 4-6 hours, yielding yellow, solid SAPAE. SAPAE was formulated 

into PNIPAM-co-AA:SAPAEs (wt:wt) (7:3 and 6:4) hydrogel by modifying a previously 

developed protocol.19 PNIPAM-co-AA (105 mg or 90 mg) (Figure 2.1B) was weighed 

separately into scintillation vials (20 mL) and dissolved in anhydrous dimethylformamide 

(DMF) at room temperature and stirred for 48 hours. After 48 hours, 45 or 60 mg of SAPAE 
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was separately added to the PNIPAM-co-AA solutions and stirred for an additional 24 

hours. The resulting viscous solutions (1 mL, 3% w/v) were cast into teflon beakers (28 

mm diameter) via syringe and dried in a vacuum oven at 80°C overnight to acquire films. 

FT-IR absorbance spectra, 64 scans per cycle were measured using Thermo Nicolet 

FT-IR spectrometer with diamond attenuated total reflectance (ATR) (Thermo Scientific, 

Somerset, NJ). Polymer blend miscibility was analyzed via DSC, using TA Instruments 

Q200 DSC (New Castle, DE). PNIPAM-co-AA:SAPAE (PN:SAPAE) films, PNIPAM-co-

AA, and SAPAE alone (~5 mg) were analyzed by heating under dry nitrogen from -10 °C 

to 200 °C at rate of 10 °C/min and cooling to -10 ˚C at 10 ˚C/min  with a three-cycle 

minimum. The data was analyzed using TA instruments Universal Analysis 2000 software. 

The predicted glass transition (Tg) values for blends were calculated using the Fox equation 

(Equation 2.1):20 

ଵ்g,blend
= ௐPNIPAM-co-AA்PNIPAM-co-AA

+ ௐSAPAE்g,SAPAE
		   Equation 2.1 

where Tg,blend represents the miscible blend, Tg,i the noted pure component i (PNIPAM-co-

AA and SAPAE), and wi the weight fraction of noted component i. 

 

2.2.3. Swelling behavior 

 

Hydrogel swelling values were measured in phosphate buffer saline (PBS) pH 7.4 

for 2 and 24 hours at room temperature, 23 °C and 37 °C. The dried films were immersed 

in PBS (50 ml), removed at 2 and 24 hours, and blotted with filter paper to remove residual 



30 
 

 

water at the hydrogel surface. The swelling values, Q, were calculated according to 

following equation:21-23 Q = ୛ୱି୛ୢ୛ୢ 		   Equation 2.2 

where Ws and Wd are the weight of the swollen and dried films, respectively. All 

experiments were carried out triplicate and the average values are reported.  

 

2.2.4.  Hydrogel morphology 

 

Hydrogel morphology was investigated using SEM. The films were swollen in 

deionized (DI) water (50 ml) for 24 hours at room temperature, and then lyophilized for 12 

hours prior to SEM imaging. The samples were coated with Au/Pd using a sputter coated 

(SCD 004, Balzer Union Limited) and the images obtained using an AMRAY-1830I 

microscope (Amray Inc.). 

 

2.2.5. In vitro SA release 

 

Polymer films (60 ± 10 mg) were placed in 50 mL centrifuge tubes containing 10 

mL PBS (pH 7.4) and incubated (37 ̊ C, 60 rpm). At set time points, 5 mL aliquots of media 

were removed and replaced with 5 mL fresh PBS. The amount of released SA was 

quantified by ultraviolet-visible (UV-Vis) spectrophotometry using a Perkin-Elmer 

Lambda XLS spectrophotometer to monitor SA release. The measurements were collected 

at λ = 303 nm, where the maximum SA absorbance did not overlap with PNIPAM-co-AA 
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or other degradation products. An SA calibration curve was prepared and data calculated 

against a standard calibration curve. The release experiments were carried out until SA 

release was no longer detected, and data normalized to 100%. All sets of experiments were 

performed in triplicate.  

 

2.2.6. BSA loading and release 

 

The swelling-diffusion method24 was used to incorporate BSA into the hydrogels. 

BSA solution (20 mg/mL) was prepared in PBS (pH 7.4). Then, dried polymer films (20 

±5 mg) were placed in 2 mL of BSA solution for 6 hours at 4 °C. The films were removed 

and rinsed and collapsed with 0.1 N HCl to remove any free BSA. The remaining solution 

and the rinse solution were collected for further analysis. The amount of loaded protein 

was determined using the Micro BCA assay according to the manufacturer’s protocol. Non-

loaded gels were subjected to the same protocol as a negative control. Experiments were 

performed in triplicate and drug loading (%) calculated according to the following 

equation:  

Drug loading % =  
ௐ௣௟ௐ௣௦ x 100  Equation 2.3 ܹ݈݌ = ݏ݌ܹ  ݏ݈݌ܹ−

where Wpl, Wps, and Wpls are the weight of the protein loaded into gels, the protein in the 

solution before loading, and the protein in the solution after loading, respectively. 

For the in vitro BSA release studies, the BSA-loaded hydrogels or non-loaded 

hydrogels were immersed in 50 mL centrifuge tubes containing 25 mL PBS (pH 7.4) at 37 

˚C. At set time points, 10 mL of media was removed and replaced with 10 mL fresh media. 
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The experiments were carried out until BSA release was no longer detected in PBS media. 

The BSA amount was determined using Micro BCA protein assay and normalized against 

the non-loaded hydrogels to eliminate possible absorbance from salicylic acid. 

Experiments were performed in triplicate. 

 

2.2.7. Cytotoxicity of the hydrogels 

 

Hydrogel cytocompatibility was performed by culturing 3T3 fibroblast cells in 

polymer blend-containing media. The polymer blends were dissolved in DMSO as a stock 

solution (10 mg/mL) and serially diluted with cell culture media. Cell culture media 

consisted of Dulbecco’s Modified Eagle’s Medium (DMEM), 10% v/v fetal bovine serum, 

1% L-glutamate, and 1% penicillin/streptomycin. The cells were seeded in 96-well plate at 

2,000 cells per well in 100 µL media. After incubation for 1 hour, the polymer-containing 

media at 0.1 mg/mL and 0.01 mg/mL were added to wells. The media with dissolved 

polymer was compared to DMSO-containing media (1% v/v). For the fibroblasts, cell 

viability was determined by using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. After 24-, 48-, and 72-

hour incubation, MTS reagent was added to each well and further incubated for 3 hours at 

37 °C, the absorbance was recorded with a microplate reader (Coulter, Boulevard Brea, 

CA) at λ = 490 nm.  

 

2.2.8. LCST determination 
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To determine hydrogel LCST values, DSC measurements were performed using 

TA Instruments Q200 DSC (New Castle, DE) using a previously published procedure.25 

The films were immersed in deionized water for 24 hours at room temperature. The swollen 

gels (~5 mg) were heated from 20 to 50 °C at 3 °C/min under a nitrogen atmosphere. The 

data was analyzed using TA instruments Universal Analysis 2000 software. 

 

2.3. Results and Discussion 

 

2.3.1. Hydrogel formation 

 

Different ratios of SAPAE were blended with PNIPAM-co-AA (8:2 to 5:5) to 

investigate the influence of SAPAE on hydrogel properties. Only two ratios of PNIPAM-

co-AA:SAPAE (PN:SAPAE), 7:3 and 6:4, were selected, as the 8:2 ratio was not 

sufficiently stable and the pore size of the 5:5 ratio was not sufficiently large to encapsulate 

BSA. DSC was utilized to determine hydrogel miscibility by measuring Tg. The 

PN:SAPAE films showed single Tg values indicating a uniform, homogenous gel (Figure 

2.2). “Experimental” Tg values were compared with Tg values predicted by the Fox 

analytical equations (Equation 2.1) for a binary system. The relationship between blends 

and individual homopolymers’ Tg values correlated to the Fox Equation.20 The predicted 

Tg values were very close to the measured Tg value, indicating a miscible blend. 

Furthermore, Tg values decreased with increasing SAPAE content, as the Tg values of 

SAPAE were initially much lower (56 ˚C) than PNIPAM-co-AA (127 ˚C).  



34 
 

 

FT-IR spectroscopy was used to investigate intermolecular molecular interactions 

between SAPAE and PNIPAM-co-AA (Figure 2.3). A summary of FT-IR peaks is 

presented in Table 2.1. SAPAE synthesis was confirmed by the presence of the anhydride 

C=O stretches at 1790 cm-1 and the preservation of the ester C=O stretch at 1742 cm-1 

(Figure 2.3). For PNIPAM-co-AA, the C=O stretches of carboxylic acid were observed at 

1716 cm-1 and 1635 cm-1, whereas the amide N-H vibration occurred at 1520 cm-1. In the 

PN:SAPAE hydrogels, PNIPAM-co-AA carboxylic acid groups and amide groups can 

interact with the carbonyl group of SAPAEs, resulting in hydrogen-bond formation. The 

peak shifting of the hydrogen-bonded functional groups in FT-IR spectroscopy suggests 

hydrogen-bond formation.26, 27 Notably, in the spectrum of PN:SAPAE hydrogels, the C=O 

stretch shifted to 1746 cm-1, 1709 cm-1, and 1637 cm-1. Additionally, the amide N-H 

vibration shifted to 1534 cm-1. These results correlate with previously published H-bonding 

interactions of PNIPAM with poly(methacrylic acid).28 The data suggest interactions 

between the N-H group of PNIPAM-co-AA and the carbonyl group of the SAPAE and 

PNIPAM-co-AA.  
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Figure 2.2: Experimental values of PN:SAPAEs blends glass transition temperatures as 

compared to Fox equation (Equation 2.1) values as a function of PNIPAM-co-AA weight 

fraction. 

 

 

 Figure 2.3: FT-IR spectrum of blends comparing the carbonyl and amine group region 

of SAPAE (green line), PNIPAM-co-AA (blue line) and PN:SAPAE hydrogel (red line). 

The peak shifting of the carbonyl (~1700 cm-1) and amine groups (~1520 cm-1) in FT-IR 
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spectroscopy suggests interaction between PNIPAM-co-AA and SAPAE. The hydrogel 

spectrum at the top is the 7:3 ratio, which is also representative of the 6:4 hydrogel system. 

 

Table 2.1: Summary of the relevant FT-IR peaks of the SAPAE, PNIPAM-co-AA, and 

PN:SAPAE hydrogel systems. 

Compound Name Functional Vibrations Wavenumbers (cm-1) 

SAPAE C=O stretch, anhydride 1790 

C=O stretch, ester 1742 

PNIPAM-co-AA C=O stretch, carboxylic acid 1716 

C=O stretch, amide 1635 

N-H deformation, amide 1520 

PN:SAPAE hydrogel C=O stretch 1746, 1709, 1637 

N-H stretch 1534 

 

 

2.3.2. Swelling behavior 

 

The swelling behaviors of PN:SAPAE hydrogels were measured in phosphate 

buffer (pH 7.4) at RT and 37 °C. As shown in Figure 2.4, increasing acrylic acid content 

(i.e., the hydrophilic segments of the polymer) resulted in higher swelling Q value, which 

is consistent with other acrylic-based hydrogels.29 At pH 7.4, carboxylic groups are 

ionized, which increases intermolecular repulsion and ionic swelling forces. Similar to 
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previously published PNIPAM-co-AA based hydrogels, pH changes are the major 

contributors to swelling behavior.22, 30 In previous work, swelling studies were performed 

at pH values lower and higher than the acrylic acid pKa (4.2) at different temperatures. At 

low pH values, temperature is the predominant influence on swelling, whereas at higher 

pH values, pH is the major influence.22, 30 A similar trend was observed for PN:SAPAE 

hydrogel systems: The swelling values were slightly different between the two 

temperatures, whereas pH is the main contributor to swelling behavior. 

 

Figure 2.4: Swelling values (Q) in pH 7.4 buffer at room temperature (RT) (25 °C) and 

37 °C at 2 and 24 hours for two ratios of PN:SAPAE hydrogels according to Equation 2.2. 

Data are presented as mean ± standard deviation (n=3 in each group). 

 

2.3.3. Hydrogel morphology 
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All of the hydrogels exhibit porous structures (Figure 2.5), with pore sizes 

increasing with increasing PNIPAM-co-AA content. Generally, pore sizes are between 

21.3–12.8 µm and 4.3–10.6 µm for the 7:3 and 6:4 ratios, respectively. Notably, these pore 

sizes are similar to BSA-incorporated, poly(ethylene glycol)-modified PNIPAM 

hydrogels,31 which suggests that PN:SAPAE-based hydrogels exhibit sufficient pore size 

to incorporate BSA. 

Hydrogel pore size is influenced by AA density: Increasing the AA content (i.e., 

the hydrophilic co-monomer) resulted in gels with the highest amount of swelling, which 

led to larger pore sizes. In addition, increasing the concentration of SAPAE increases the 

hydrophobic percentage of the hydrogels and the hydrophobic interactions between 

polymers. Consequently, the swelling and pore sizes of the hydrogel systems decrease. 

Thus, the 7:3 gel with the higher AA concentration and lower SAPAE concentration has 

the larger pore size. 
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Figure 2.5: SEM images of freeze-dried PN:SAPAE hydrogels at two different 

blending ratios (7:3 ratio at top, 6:4 ratio at bottom) at the 24-hour swelling time point. 

Films are shown at 150x (left) and 500x (right) magnification. 

 

2.3.4. In vitro SA release 

 

PN:SAPAE hydrogels were designed to release SA and physically incorporated 

proteins (i.e., BSA) in a controlled manner. A correlation between pore size and SA release 

rate was observed, with larger pore sizes releasing SA faster. This effect is presumably due 

to greater water penetration into the films. The faster water penetration promotes quicker 

SA release, as the anhydride and ester bonds are more readily hydrolyzed. Thus, the gel 

with higher pore size (i.e., 7:3 gel) exhibits a slightly faster SA release rate. As shown in 

Figure 2.6, 93.3% (12 mg) and 79.9% (10 mg) salicylic acid was released from the 7:3 and 

6:4 gels, respectively, within 72 hours. The 7:3 gel released 100% SA within 4 days, while 

the 6:4 gel achieved 100% SA release in 5 days. In previous publications, similar trends 

were observed, with increasing pore size correlating to increased release profile.29  
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Figure 2.6: In vitro release of salicylic acid from the PN:SAPAE hydrogels represented 

as normalized cumulative SA release as a percentage (A) and cumulative SA amount in 

mg (B) in pH 7.4, as quantified by UV-Vis spectrophotometry (λ= 303 nm). Data are 

presented as mean ± standard deviation (n=3 in each group). 

 

2.3.5. BSA loading and release 

A 

B 
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BSA loading was achieved via a swelling-diffusion technique24 in PBS buffer (pH 

7.4). Overall, hydrogels had sufficient pore size to incorporate BSA into the swollen 

networks. As shown in Figure 2.7, 23% and 17% BSA was encapsulated into the 7:3 and 

6:4 gels, respectively. Similar to SA release, the correlation between pore size and loading 

percentage was observed: The 7:3 gel has the larger pore size and higher percent BSA 

loading. Moreover, the BSA loading of the 7:3 and 6:4 gels are higher than conventional 

PNIPAM hydrogels loading (~10%), as conventional hydrogels pore sizes are significantly 

smaller.31 

Conventional PNIPAM hydrogels did not exhibit extended release behavior, as 

these hydrogels do not exhibit pore structures capable of encapsulating BSA.31 Compared 

to conventional hydrogels, PN:SAPAE hydrogels exhibit controlled BSA release, as the 

BSA molecules enter into PN:SAPAE hydrogels, which results in slower BSA release. As 

shown in Figure 2.8, BSA released slightly faster in 7:3 gel, correlating well with pore 

size. After 72 hours, 87% and 78% of BSA was released from the 7:3 and 6:4 gels, 

respectively. Moreover, 100% BSA release was achieved in 4 days, similar to SA release. 
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Figure 2.7: BSA loading of the PN:SAPAE hydrogels via swelling-diffusion technique 

as determined by BCA assay. Data are presented as mean ± standard deviation (n=3 in each 

group). 

 

 

Figure 2.8: In vitro release of BSA from the PN:SAPAE hydrogels represented as 

normalized cumulative BSA release as a percentage, in pH 7.4 phosphate buffer at 37 °C 

as determined by BCA assay. Data are presented as mean ± standard deviation (n=3 in each 

group). 

 

2.3.6. Cytotoxicity of the hydrogels 

 

Cytotoxicity against 3T3 cells was determined at two different concentrations of 

the polymer solution in which the anti-inflammatory effect of the SA is observed, 0.1 
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mg/mL and 0.01 mg/mL, with DMSO (1%) used as control. As shown in Figure 2.9, the 

results indicated that cell viabilities in the presence of the gels were not statistically 

different from the DMSO controls.  

 

Figure 2.9: Cytotoxicity profile of the different concentrations of the hydrogels after 

24-, 48-, and 72-hour incubation. All groups contained 1% DMSO in cell media and the 

control group has no polymer. Absorbance at 490 nm after MTS treatment is proportional 

to cell viability. Data are presented as mean ± standard deviation (n=6 in each group). The 

cell viability of each of the hydrogels was not statistically different from the media with 

DMSO control. 

 

2.3.7. LCST determination 

 



44 
 

 

As these hydrogels contain a temperature-sensitive polymer and LCST 

measurements were performed to evaluate temperature-responsive behavior. At lower 

temperatures, PNIPAM-co-AA forms hydrogen bonds with water molecules and the 

hydrophilic component is more dominant: As the temperature increases, the hydrophobic 

interactions become stronger.9,32 At the LCST, the transition between hydrophilic to 

hydrophobic interactions is observed.32 In general, polymers that contain the larger 

hydrophobic domains have a lower LCST. Previously, LCST differences between 

PNIPAM and PNIPAM-co-AA have been investigated.33 As the hydrophobic density of 

PNIPAM is much higher compared to PNIPAM-co-AA, the LCST was lower than 

PNIPAM-co-AA.34 In PN:SAPAE hydrogels, the introduced hydrophobic SAPAE affects 

the LCST values: 31.0 °C ± 0.5 and 28.1 °C ± 1.1 for the 7:3 and 6:4 gels, respectively. 

The hydrogel blends have lower LCST compared to the polymer alone, PNIPAM-co-AA 

at 33.0 °C. Moreover, the LCST of the 6:4 gel is lower than that of the 7:3 gel, as its SAPAE 

content (hydrophobic segment of the hydrogel) is higher. 

 

2.4. Conclusion 

 

Physically cross-linked PN:SAPAE hydrogels were developed at different ratios 

via a solvent-casting method to form films. These hydrogel systems showed porous 

structures that enable incorporation of the protein, BSA, which is then released in a 

sustained manner. In addition to BSA, these hydrogel systems released SA over 4 days in 

a sustained manner. These systems are unique as they can deliver SA in conjugation with 
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a model protein, BSA, which can potentially increase the bioactivity of each component 

through synergistic effects.  
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3. SALICYLIC ACID-BASED pH-SENSITIVE HYDROGELS AS POTENTIAL 

ORAL INSULIN DELIVERY SYSTEMS 

 

Reprinted with edits with permission from Demirdirek B., Uhrich KE, Journal of 

Drug Targeting 2015, 23:7-8, 716-724 ©2015 Taylor & Francis 

 

3.1. Introduction 

 

Hydrogel systems are important for protein delivery owing to their 

biocompatibility, tunable drug release by pore size control, and ability to protect proteins 

from denaturation in low pH.1 Hydrogels are cross-linked networks of water-soluble 

polymers, capable of imbibing water or biological fluids 2-4 in which the networks are 

formed by chemical crosslinks (covalent bonding) or physical crosslinks (intermolecular 

interactions).4-8 Acidic pH-sensitive hydrogels that contain pendant carboxylic acid 

moieties, such as acrylic acid, have attracted considerable interest for oral protein delivery 

due to their responsiveness to the pH shift in the gastro-intestinal (GI) tract.9-12 Hydrogels 

comprised of polyanions minimally swell in the stomach (pH 1-2.5),13 which makes protein 

release minimal. In the intestine, hydrogel swelling increases due to the rise in pH (6.0-

7.5),13 leading to faster protein release. In addition, carboxylic acid-based polymers, such 

as poly(acrylic acid) (PAA), exhibit mucoadhesive behavior,14, 15 which enables adhesion 

to mucosal membranes and improves the bioavailability of oral protein therapeutics 
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through decreasing the drug clearance rate.15-17 Furthermore, PAA-based hydrogel systems 

can be used to mitigate degradation in acidic environments and poor membrane 

permeability of orally-administrated insulin.15, 16, 18 

Currently, individuals suffering from diabetes must administer insulin via 

injection.19, 20 However, injection is not the most favorable route of administration due to 

pain, discomfort, and potential infections.16 Oral insulin delivery can thus benefit many 

diabetic patients and has been pursued by many research teams. 

Recent studies have shown that inflammation exacerbates type 2 diabetes and that 

salicylates, a family of anti-inflammatory compounds, can reduce insulin resistance.21-25 

These studies suggest that salicylic acid may affect oxidative stress, insulin resistance and 

vascular inflammation and is not dose-dependent.26 In light of this work, an oral delivery 

system was investigated that could deliver both insulin and salicylic acid. Salicylic acid-

based poly(anhydride esters) (SAPAEs) have been researched over the past decade.27, 28 

Within these systems, salicylic acid is chemically incorporated into the polymer backbone, 

leading to high drug loading (85%) and enabling a controlled, sustained release of salicylic 

acid upon polymer degradation (Figure 3.1). Furthermore, SAPAEs can mitigate 

inflammation when implanted in vivo.29 In this research, (SAPAEs) with an adipic linker 

molecule were blended with poly(acrylic acid), (PAA) to generate pH-sensitive, physically 

cross-linked hydrogels, which can be used to overcome oral insulin delivery challenges 

and benefit diabetes patients by releasing salicylic acid (SA) and insulin in a controlled 

manner. 
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Figure 3.1: Chemical structures of (A) SAPAEs and its degradation products (salicylic 

acid and adipic acid), and (B) poly(acrylic acid), (PAA). 

 

3.2. Experimental Section 

 

3.2.1. Materials 

 

Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville, 

GA). Fibroblast cells were purchased from ATCC (Manassas, VA). Hydrochloric acid and 

Thermo Scientific Pierce Micro bicinchoninic acid (BCA) Protein Assay Kit were 

purchased from Fisher Scientific (Fair Lawn, NJ). Poly(acrylic acid), Mw =1,250,000 and 

A

B
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all other chemicals and reagents were purchased from Sigma-Aldrich (Milwaukee, WI). 

All reagents were used without further purification. 

 

3.2.2. Hydrogel formation 

 

SAPAEs were synthesized according to a previously published method.27,28 Briefly, 

salicylic acid was dissolved in tetrahydrofuran (THF) and pyridine. Adipoyl chloride (1 

eq) was dissolved in THF and added drop-wise, forming a white suspension. The reaction 

mixture was quenched over water, and acidified to pH 2 using concentrated HCl. The 

formed precipitate was filtered, washed with water (3 × 250 mL), and dried in vacuo to 

yield diacid intermediate. The diacid intermediate was added to an excess of acetic 

anhydride, then stirred overnight under argon at room temperature. The excess acetic 

anhydride was removed in vacuo. The resulting acetyl-terminated monomer was heated at 

180 °C under vacuum for 4-6 hours to yield yellow, solid SAPAE. Following successful 

SAPAE synthesis, PAA:SAPAE physically cross-linked hydrogels were formulated using 

a slightly modified method.30 Varying weight ratios of PAA:SAPAE (7:3, 6:4, 5:5) were 

prepared: PAA at 105, 90, and 75 mg (Figure 3.1) was separately weighed into scintillation 

vials (20 mL) and dissolved in anhydrous DMF at room temperature and stirred for 48 

hours. After 48 h, SAPAE (45, 60, and 75 mg) were added separately to the PAA solutions 

and stirred for an additional 24 hours at room temperature. The resulting viscous solutions 

(1 mL, 5% w/v) were solvent-cast into Teflon beakers (28 mm diameter) via syringe and 

dried in a vacuum oven at 80 °C overnight to form films (n=3).  
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FT-IR absorbance spectra were measured on a Thermo Nicolet FT-IR spectrometer 

to analyze polymer blend interactions. Miscibility was analyzed using DSC using TA 

Instruments Q200 DSC (New Castle, DE). PAA:SAPAE films, PAA, and SAPAE alone 

(~5 mg) were analyzed by heating under dry nitrogen from -10 °C to 200 °C at a rate of 10 

°C/min and cooling to -10 ˚C at 10 ˚C/min  with a three-cycle minimum. The data was 

analyzed using TA instruments Universal Analysis 2000 software. 

The predicted glass transition (Tg) values for blends were calculated using the Fox 

equation (Equation 3.1).31 ଵ்g,blend
= ௐPAA்PAA

+ ௐSAPAE்g,SAPAE
   Equation 3.1 

where Tg,blend represents the miscible blend, Tg,i the noted pure component i (PAA and 

SAPAE), and wi the weight fraction of noted component i. 

 

3.2.3. Swelling behavior 

 

To measure the swelling values of the hydrogels, the dried films were immersed in 

pH 6.8 phosphate buffer and 0.1 N HCl for 2 and 24 hours at room temperature. The 

swelling values, Q, were calculated according to following equation:32-34  ܳ = ௐ௦ିௐௗௐௗ    Equation 3.2 

where Ws and Wd are the weights of the swollen and dried films, respectively. All 

experiments were carried out triplicate and the average values reported. 
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3.2.4. Hydrogel morphology 

 

The hydrogel morphology was investigated using SEM. PAA:SAPAE films were 

swollen in deionized water (50 mL) for 24 hours and then lyophilized for 12 hours for SEM 

imaging. The samples were coated with Au/Pd using a sputter coater (SCD 004, Balzer 

Union Limited) and images were obtained using an AMRAY-1830I microscope (Amray, 

Inc.).  

 

3.2.5. Insulin loading 

 

To incorporate insulin into PAA:SAPAE hydrogels, a swelling-diffusion method 

was used.35 In brief, dried PAA:SAPAE films (80 ±10 mg, 3.0 cm) were incubated in 4 mL 

of premade insulin solutions in phosphate-buffer saline (PBS) (1 mg/mL, pH 7.4) at 4 °C. 

After 5 hours, the films were removed and rinsed and collapsed with ~5 mL of 0.1 N HCl. 

The remaining insulin solution and rinse solutions were collected for insulin analysis. The 

amount of protein was determined using a Micro BCA assay according to the 

manufacturer’s protocol. Non-loaded gels were subjected to the same protocol as a negative 

control. Experiments were performed in triplicate. The drug loading (%) was calculated 

according to the following equation:33 

Drug loading % =  
ௐ௣௟ௐ௣௦ x 100,  Equation 3.3 ܹ݈݌ = ݏ݌ܹ  ݏ݈݌ܹ−
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where Wpl, Wps and Wpls are the weights of the protein loaded into gels, the protein in the 

solution before loading, and the protein in the solution after loading, respectively. 

 

3.2.6.  Insulin release 

 

To monitor insulin in vitro release, insulin-loaded hydrogels or non-loaded 

hydrogels were immersed in 50 mL centrifuge tubes containing either 10 mL PBS (pH 6.8) 

or 0.1 N HCl (pH 1.2)  at 37 ˚C. At set time points, 5 mL of media was removed and 

replaced with 5 mL fresh media. The insulin amount was determined using Micro BCA 

protein assay and normalized against the non-loaded hydrogels to eliminate possible 

absorbance from salicylic acid. The experiments were carried out until insulin release was 

no longer detected in PBS media. Experiments were performed in triplicate. 

 

3.2.7. Insulin stability 

 

To analyze the insulin physical and chemical stability, insulin-loaded hydrogels 

were immersed in 50 mL centrifuge tubes containing 10 mL PBS (pH 6.8) at 37 ˚C for 24 

hours. After 24 hours, the release solution was analyzed using size exclusion 

chromatography (SEC) to evaluate possible aggregates (high molecular weight species) 
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and imaged capillary isoelectric focusing (iCIEF) to evaluate possible deamidation via 

measuring the isoelectric point of the insulin.  

SEC was performed using Agilent 1100 system with 7.8 mm 30 cm TSKgel 

G3000SWXL SEC column from Tosoh Bioscience at 276 nm. The flow rate was 0.7 

mL/min and the injection volume was 100 µL. The mobile phase composition was 1 

mg/mL of L-arginine, acetonitrile, and glacial acetic acid (65:20:15). 

iCIEF was performed using Protein Simple iCE equipment. The sample was 

prepared using the following chemical compositions: 70 μL 1% methyl cellulose, 8 μL 

Pharmalyte 3-10, 1 μL pI Marker 4.22, 1 μL pI Marker 8.79, 50 μL 8M urea, 45 μL  Milli-

Q Water, and 25 μL sample. The system suitability was prepared using 5.78 pI marker. The 

samples were compared with insulin standard loading solution (LDS), which was stored 

for 24 hours at 37°C. 

 

3.2.8. In vitro SA release 

 

PAA:SAPAE films (60 ± 10 mg) were placed in 50 mL centrifuge tubes containing 

either 10 mL phosphate-buffer saline (PBS) (pH 6.8) or 0.1 N HCl (pH 1.2) and incubated 

(37 ˚C, 60 rpm). At set time points, 5 mL aliquots of media were removed and replaced 

with 5 mL fresh PBS. Released SA was monitored by ultraviolet (UV) spectrophotometry 

using a Perkin Elmer Lambda XLS spectrophotometer. The measurements were collected 

at λ = 303 nm, where the maximum SA absorbance did not overlap with PAA or other 

degradation products. A SA calibration curve was prepared and absorbance data was 
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calculated by using a calibration curve. The release experiment was carried out until SA 

release was no longer detected in pH 6.8 buffer. In 0.1 N HCl media, release experiments 

continued until SA release slowed significantly. 0.1 N NaOH was then added to hydrolyze 

any remaining SA. The experiments were normalized to 100%. All sets of experiments 

were performed in triplicate.  

 

3.2.9. Cytotoxicity of the hydrogels 

 

Hydrogel cytocompatibility was performed by culturing 3T3 fibroblast cells in 

media containing the dissolved polymer blends. The polymer blends were dissolved in 

DMSO as a stock solution and serially diluted with cell culture media. Cell culture media 

consisted of Dulbecco’s Modified Eagle’s Medium (DMEM), 10% v/v fetal bovine serum, 

1% L-glutamate, and 1% penicillin/streptomycin. The cells were seeded in a 96-well plate 

at 2,000 cells per well in 100 µL media. After incubation for 1 hour, the polymer-containing 

media in 1% DMSO at various concentrations at which anti-inflammatory effects were 

observed (0.1 mg/mL, 0.01 mg/mL and 0.001 mg/mL) were added to the wells. The media 

with dissolved polymer was compared to DMSO-containing media (1% v/v) as a control. 

For the fibroblasts, cell viability was determined by using MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay at 24, 48, and 

72 hours. After 3 hours incubation, the absorbance was recorded with a microplate reader 

at λ = 490 nm.  

 



57 
 

 

3.2.10. Mucoadhesion behavior 

 

A previously published method was performed to analyze mucoadhesion properties 

of the hydrogels using Texture Analyzer, TA-XT2.36, 37 The hydrogels were adhered to the 

upper holder and wetted with pH 6.8 phosphate buffer and 30% mucin gel in pH 6.8 

phosphate buffer was attached to the lower, stationary part of the Texture Analyzer. The 

mucin layer and hydrogels were brought in contact for 100 seconds with 7.8 N applied 

force, then the upper part was raised at a speed of 0.1 mm/s. The mucin layer alone was 

used as a control. The force of detachment and distance was recorded. The mucoadhesion 

performance of the gels was determined by measuring the resistance to the withdrawal of 

the upper holder, maximum detachment force Fmax in “g” and work of adhesion is Fmax * 

distance.  Experiments were performed in triplicate. 

 

3.3. Results and Discussion 

 

3.3.1. Hydrogel formation 

 

To develop salicylic acid-based pH-sensitive hydrogel systems, SAPAEs were 

blended with PAA at three different ratios: 7:3, 6:4, and 5:5 (PAA:SAPAE). Blends were 

solvent-cast into films and characterized by FT-IR, DSC, and swelling studies.  
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FT-IR studies determined interactions between SAPAE and PAA, notably between 

the carbonyl groups. In the FT-IR spectrum of SAPAE, peaks at 1790 cm-1 represent the -

C=O double-bond stretching vibrations in the anhydride groups, whereas the peak at 1742 

cm-1 represents the -C=O double-bond stretching vibration in the ester groups of SAPAEs, 

as shown in Figure 3.2. The peak at 1700 cm-1 represents the C=O double-bond stretching 

vibration of the PAA carboxylic acid groups. In the PAA:SAPAE films, the PAA 

carboxylic acid groups can interact with the carbonyl group of SAPAEs, resulting in 

hydrogen-bond formation. The peak shifting of the hydrogen-bonded functional groups in 

FT-IR spectroscopy suggests hydrogen-bond formation.38,39 Notably, in the FT-IR 

spectrum of the PAA:SAPAE films, the C=O double bonds shift to 1740 and 1696 cm-1, as 

shown in Figure 3.2. In addition, the C-O-C bond shifted from 1112 to 1129 cm-1. Lastly, 

the hydrogen bonded -OH, 3456 cm-1, was observed in PAA:SAPAE hydrogel (as shown 

in Figure 3.2). Furthermore, the C-H stretch at 2940 cm-1 shifted to 2930 cm-1, and the 

ArH peak 3109 cm-1 disappeared. The FT-IR results highlight the interactions between the 

carboxyl groups of PAA and carbonyl groups of SAPAE and PAA, which indicate that 

hydrogen-bonding occurs within the hydrogels. In addition, the width of the C=O peaks is 

increased compared to polymers, indicating hydrogen bond formation. Furthermore, the 

shift changes in the alkane and aromatic groups indicates hydrophobic interactions between 

polymers. 
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Figure 3.2: (A) FT-IR spectrum of blends comparing the carbonyl region of SAPAE 

(blue line), PAA (green line), and PAA:SAPAE hydrogel (red line). The peak shifting of 

the carbonyl groups (~1700 cm-1) in FT-IR spectroscopy suggests the interaction between 

A

B
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PAA and SAPAE. (B) FT-IR spectrum of the -OH region of the PAA:SAPAE hydrogel. 

The labeled peak is consistent with H-bonding. 

 

The Tg values of the films (PAA, SAPAE, and PAA:SAPAE) were analyzed using 

DSC (Figure 3.3) to determine if homogenous blends were formed. The Tg values of the 

hydrogels were 70, 75 and 81 for the 7:3 gel, 6:4 gel, and 5:5 gel ratios, respectively 

(Figure 3.3). The PAA:SAPAE films showed single Tg values, indicating uniform, 

homogenous gels. These experimental Tg values were compared with Tg values predicted 

by Fox analytical equations for a binary system.31  The predicted Tg values were very close 

to the measured Tg values, which further validates that the polymer blends are miscible. 

Additionally, Tg values increased with increasing PAA content, as the PAA Tg values were 

much higher than the SAPAEs.   
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Figure 3.3: Experimental values of PAA and SAPAEs blends glass transition 

temperatures as compared to the Fox equation (Equation 3.1) values as a function of PAA 

weight fraction. 

 

3.3.2. Swelling behavior 

 

Swelling studies were performed to confirm whether hydrogels exhibited pH-

responsive swelling behavior. The swelling behaviors of gels 7:3, 6:4, and 5:5 were 

measured in two different solutions: 0.1 N HCl (pH 1.2) and phosphate buffer solution (pH 

6.8). As shown in Figure 3.4., none of the gels swelled significantly at pH 1.2. The gels 

exhibited less swelling behavior at pH 1.2 as the amount of PAA increased. At pH 1.2, Q 

values of the gels within 2 hours were 1.80, 2.10, and 2.20 for 7:3, 6:4, and 5:5 gel ratios, 
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respectively. However, at higher pH values, gels swelled significantly. Increasing the PAA 

content resulted in gels with the highest amounts of swelling. At pH 6.8, Q values within 

24 hours were 48.8, 29.6, and 19.1 for 7:3, 6:4 and 5:5 gel, respectively. These results 

correlated with trends previously published on acrylic acid-based polymers.40-42 The 

hydrogels’ pH-dependent properties come from the polyelectrolyte behavior of the PAA 

part of the physically cross-linked hydrogels. As the pH of the media increased, the 

hydrogels expand and incorporate water into the gels due to electric repulsion from the 

ionized carboxylic groups, which increase the ionic swelling force.1 In addition to the 

PAA’s pH-dependence, hydrophobic interactions between these polymeric systems are 

likely responsible for these physical cross-linked hydrogels. As a result, increasing 

hydrophobic SAPAEs concentration decreases swelling value in DI water. 

 

 

A
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Figure 3.4: Swelling values (Q values) as a function of pH: (A) pH 1.2 and (B) pH 6.8 

for three ratios of PAA:SAPAE hydrogels according to Equation 3.2. Data are presented 

as mean ± standard deviation (n=3 in each group). 

 

3.3.3. Hydrogel morphology 

 

As shown in Figure 3.5, all hydrogels exhibited porous structures, while the pore 

sizes differ with varying concentration of SAPAEs: As the SAPAE concentration 

decreased, pore size increased. The pore sizes of hydrogels are between 71.4–100 µm, 

42.9–57.1 µm and 14.3–28.5 µm for the 7:3, 6:4, and 5:5 gel ratios, respectively.  

In protein or drug delivery applications, porous hydrogels are beneficial as they 

allow for drug or protein diffusion and gas exchange. SEM was performed to examine the 

pore structure of the hydrogel in a swollen state. The pore sizes correlate to hydrophobic 

B
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interactions between the PAA and SAPAEs. Increasing the concentration of the SAPAEs 

appears to increase hydrophobic interactions between the two polymers such that the 5:5 

gels have the smallest pore size. The pore sizes of the PAA:SAPAE hydrogels are in the 

range of previously published acrylic acid-based pH-dependent hydrogel systems.34, 43 

 

 

 

5:5 Gel 

7:3 Gel

6:4 Gel 
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Figure 3.5: SEM images of freeze-dried PAA:SAPAE hydrogels at three different 

blending ratios (7:3, 6:4, 5:5) at the 24 hour swelling time point in deionized water. Films 

are shown at 150x (left) and 500x (right) magnification. 

 

3.3.4. Insulin loading 

 

Insulin loading was achieved via a swelling-diffusion technique in PBS buffer (pH 

7.4). The insulin loading profile is shown in Figure 3.6. The insulin loading percentage of 

the 7:3, 6:4, and 5:5 gel ratios were 57.4%, 53.6%, 51.8%, respectively. 

Higher pore size is anticipated to have higher insulin loading. However, significant 

differences between the three hydrogel systems were not observed. All hydrogel systems 

had sufficient pore size to incorporate insulin into the swollen networks; insulin is a 

relatively low molecular weight protein. The PAA:SAPAE hydrogels loading capacity is 

comparable to previously reported insulin delivery systems.34, 43 
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Figure 3.6: Insulin loading of the PAA:SAPAE hydrogels via swelling-diffusion 

technique for 5 hours as determined by BCA assay. Data are presented as mean ± standard 

deviation (n=3 in each group). 

 

3.3.5. Insulin release 

 

To monitor in vitro release of insulin, dried insulin-loaded PAA:SAPAE gels were 

dispersed into 0.1 N HCl (pH 1.2) or in PBS buffer (pH 6.8) at 37 °C. After 24 hours, 

97.9%, 85.1%, and 74.4% of insulin was released from the 7:3, 6:4, and 5:5 gel ratios in 

pH 6.8, respectively (Figure 3.7B). In 2 hours, only 4.8%, 7.4%, and 8.8% of insulin was 

released from the 7:3, 6:4, and 5:5 gels in pH 1.2, respectively (Figure 3.7A). 

As shown in Figure 3.7, insulin is released faster in the 7:3 ratio gel, followed by 

the 6:4 and 5:5 ratio gels in PBS. This trend correlates well with the swelling behavior and 
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pore sizes. Overall, the highest PAA ratio (7:3) gel at pH 6.8 has the fastest release rate, 

the highest swelling value, and the largest pore size. Increasing the pore size increases the 

diffusion rate of the hydrogel system, resulting in faster insulin release.   

In contrast, the release of insulin under acidic conditions was much lower than pH 

6.8 media. The 7:3 ratio has the slowest release rate in 0.1 N HCl. The PAA:SAPAE 

hydrogels have an insulin release profile similar to previously published acrylic acid-based 

insulin delivery systems.43, 44 

 

 

Figure 3.7: In vitro release of insulin from the PAA:SAPAE hydrogels as a function of 

pH:  (A) pH 1.2 and (B) pH 6.8, represented as normalized cumulative insulin release as a 

A

B
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percentage as determined by BCA assay. Data are presented as mean ± standard deviation 

(n=3 in each group). 

 

3.3.6. Insulin stability 

 

Insulin stability is an important factor, as the loss of stability will cause loss of 

bioactivity: Insulin can form aggregates and undergo chemical changes. SEC is the 

approved method by the FDA to measure soluble aggregation, higher molecular weight 

(HMW) species. The USP specification for HMW of insulin is 1.0%.45 In this study, the 

samples were compared against insulin standard loading solution (LDS). As shown in 

Figure 3.8, the samples’ HMW percentage was close to LDS and lower than USP 

specification; around 0.1% HMW was observed. 

iCIEF is one of the recommended techniques by the FDA and used by the 

pharmaceutical industry to measure the chemical degradation of the proteins.46 iCIEF 

results aligned with SEC results: The main insulin chemical degradation mechanism, 

deamidation, was observed at the low level, similar to LDS. Both measurements confirmed 

that insulin was physically and chemically stable once released from the hydrogel systems. 
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Figure 3.8: 24-hour release samples analysis to evaluate (A) physical stability using 

SEC chromatography to calculate aggregation (HMW species) and (B) chemical stability 

using iCIEF to calculate deamidated species.  

 

A
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3.3.7. In vitro SA release 

 

Given the intended application of using PAA:SAPAE hydrogels to release both 

insulin and salicylic acid, the in vitro SA release profiles of the hydrogels were monitored. 

To monitor in vitro release of salicylic acid, dried PAA:SAPAE gels were dispersed into 

PBS buffer (pH 6.8) or 0.1 N HCl (pH 1.2) at 37 °C. Within 24 hours, 70.1 %, 67.6%, and 

66.4% salicylic acid was released from the 7:3, 6:4, and 5:5 gel ratios in pH 6.8, 

respectively (Figure 3.9B). Within 24 hours, 27.6%, 28.2%, and 30% salicylic acid was 

released from the 7:3, 6:4, and 5:5 gel ratios in 0.1N HCl (pH 1.2), respectively (Figure 

3.9A). 

As for the SA release, a strong correlation between swelling values was observed. 

The higher the swelling value, the higher the SA release rate at the early time points. In 

this study, the 7:3 ratio swelled the most and released the most SA in pH 6.8. A similar 

trend was observed in previously published work using polyvinylpyrolidone (PVP) as the 

gelling polymers. In the PVP:SAPAE hydrogel systems, the SA release rate was higher in 

the higher swelling polymer blends.30 Notably, the SA release rate was much faster in this 

PAA:SAPAE system compare to PVP:SAPAE, likely because the swelling value of 

poly(acrylic acid) is much higher. 

In contrast, the release of SA was much lower under acidic conditions. In pH 6.8, 

carboxyl groups of PAA are ionized and increase SAPAE hydrolysis. On the other hand, 

in acidic conditions, carboxyl groups are protonated which results in gel shrinkage and 

minimize the insulin and SA release. The release was correlated to swelling trend in 0.1 N 
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HCl (pH 1.2). 5:5 gel had the highest swelling ratio and higher SA release rates compared 

to the 7:3 and 6:4 gel ratios. 

 

 

Figure 3.9: In vitro release of SA from the PAA:SAPAE hydrogels as a function of pH: 

(A) pH 1.2 and (B) pH 6.8, represented as normalized cumulative SA release as a 

A

B
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percentage as determined by UV spectrophotometry. Data are presented as mean ± standard 

deviation (n=3 in each group). 

 

3.3.8. Cytotoxicity of the hydrogels 

 

Cytotoxicity against 3T3 cells was determined as a function of three different 

polymers solution, in which the anti-inflammatory effect of the SA is observed: 0.1 mg/mL, 

0.01 mg/mL, and 0.001 mg/mL, with DMSO (1%) used as control. The results (Figure 

3.10) indicated that the viability of each of these hydrogels cell was not statistically 

different from the DMSO controls. 

 

Figure 3.10: Cytotoxicity profile of the different concentrations of the hydrogels after 

24-, 48-, and 72-hour incubation. All groups contained 1% DMSO in cell media and the 
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control group has no polymer. Absorbance at 490 nm after MTS treatment is proportional 

to cell viability. The cell viability of each of these hydrogels was not statistically different 

from the media with DMSO control. 

 

3.3.9. Mucoadhesion behavior 

 

The mucoadhesion behavior of the PAA:SAPAE hydrogels were evaluated using 

Texture Analyzer. The maximum detachment force of the 7:3, 6:4, and 5:5 gel ratios were 

37.1, 21.4, and 16.3, respectively, whereas adhesion values were 222.6, 124.0, and 104.0, 

respectively. 

Protein permeability is one of the biggest challenges for oral protein delivery.16 One 

of most promising approaches to increase permeability are mucoadhesive systems as it 

decrease the drug clearance rate and increase the time availability for absorption, which 

are often based upon PAA and cellulose.16 The mucoadhesion behavior of PAA:SAPAE 

hydrogels were evaluated using Texture Analyzer and the maximum detachment force and 

adhesion work of the PAA:SAPAE- hydrogels are summarized in Table 1. The 

PAA:SAPAE 7:3 gel mucoadhesion detachment force was higher than acrylic acid-based 

gels, which were developed for insulin oral delivery, at 0.6 g.47 Overall, increasing PAA 

percent increased the detachment force of the hydrogels.  
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Table 3.1: Mucoadhesion performance of PAA:SAPAE films 

 Detachment force (g) Work of adhesion (g x mm) 

7:3 Gel 37.1 ± 10.6 222.6 ± 63.8 

6:4 Gel 21.4 ± 2.8 124.0 ± 22.6 

5:5 Gel 16.3 ± 6.3 104.0 ± 37.5 

 

3.4. Conclusion 

 

Different ratios of physically cross-linked PAA:SAPAEs hydrogel systems were 

formulated by solvent-casting. The resulting miscible blends displayed a porous structure 

able to incorporate insulin. These hydrogel systems exhibited different swelling values 

depending on the media pH. The swelling values and insulin release at 0.1N HCl (pH 1.2) 

decreased with the increasing PAA ratio, which is beneficial for oral insulin delivery to 

protect the insulin from degradation in the stomach. Concurrently, hydrogel systems 

released SA in a manner that follows the insulin release curve. The ability to deliver an 

anti-inflammatory compound that reduces insulin resistance in conjunction with insulin 

delivery is unique. Moreover, these hydrogel systems also show mucoadhesive behaviors, 

which may ultimately increase protein permeability. In summary, these polymer gels are 

uniquely able to deliver insulin and salicylic acid in combination. Such an approach may 
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be useful as an oral insulin delivery vehicle for diabetes patients. Future work includes in 

vivo studies in diabetic rats to evaluate the blood glucose levels following oral delivery.  
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4. NOVEL SALICYLIC ACID-BASED CHEMICALLY CROSS-LINKED pH-

SENSITIVE HYDROGELS AS POTENTIAL DRUG DELIVERY SYSTEMS 

 

4.1. Introduction 

 

Hydrogels are chemically or physically cross-linked networks of water-soluble 

polymers that are capable of imbibing high concentrations of water or biological fluids.1-6 

Owing to their greater mechanical integrity and tenability, chemically cross-linked 

hydrogels are preferred to physically cross-linked gels for drug and/or protein delivery 

applications.7, 8 

When using hydrogels for drug and/or protein delivery, the release profile is 

modified by changing the cross-linking density as well as the functional groups. pH-

sensitive hydrogels are often utilized for oral delivery systems to target the different pH 

ranges of the digestive tract. More specifically, acrylic acid moieties have attracted 

considerable interest for oral protein delivery due to their responsiveness to the pH shift in 

the gastro-intestinal (GI) tract.9-12 Hydrogels comprised of polyanions swell minimally in 

the stomach (pH 1-2.5),13 with increased swelling in the intestine (pH 6.4-7.5).13 In 

addition, poly(acrylic acid) (PAA) exhibits mucoadhesive behavior which can adhere to 

mucosal membranes, and, thus, could improve bioavailability.14-16  

In this research, pH-dependent, chemically cross-linked SA-based hydrogels were 

developed. Recent studies have shown that salicylic acid (SA), a nonsteroidal, anti-

inflammatory analgesic and anti-pyretic agent,17 is effective in treating colorectal cancer,18 
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diabetes,19, 20 and arthritis.21 For these diseases, extended release formulations are preferred 

to immediate release formulations to improve therapeutic levels. To meet this goal, SA has 

been chemically incorporated into poly(anhydride-esters)22 and shown to deliver SA from 

days to months.23 In addition, these systems have been formulated with PAA to form 

physically cross-linked pH-sensitive hydrogels capable of encapsulating insulin and 

concurrently releasing both insulin and SA.24 However, the release is slow: Only 70% of 

SA was released within 24 hours. 

To overcome the limited SA release, an SA-based monomer was prepared using an 

itaconic acid linker followed by free radical polymerization with acrylic acid and 

poly(ethylene glycol) diacrylate (PEGDA) as the cross-linking agent (Scheme 4.1). Two 

hydrogel systems were prepared: hydrogel 1 and hydrogel 2, which have low and high 

crosslinker density, respectively. In this study, the effects of crosslink density on swelling 

values, SA release, pore structure, and rheological and mucoadhesion behavior were 

studied.  

 

4.2. Experimental Section 

 

4.2.1. Materials 

 

Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (Lawrenceville, 

GA). Fibroblast cells were purchased from ATCC, (Manassas, Virginia). Hydrochloric 
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acid was purchased from Fisher Scientific (Fair Lawn, NJ). Irgacure 2959 (1-[4-(2-

Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) was purchased from Ciba 

Specialty Chemical Corp. (Tarrytown, NY). All other chemicals and reagents were 

purchased from Sigma-Aldrich (Milwaukee, WI). 

 

4.2.2.  Synthesis of hydrogels 

 

4.2.2.1. Physicochemical characterization 

 

1H NMR spectra were obtained on Varian 400 MHz using DMSO-d6 as a solvent. 

FT-IR spectra were recorded using a Thermo Nicolet FT-IR spectrometer (Thermo 

Scientific, Somerset, NJ) with a 64-scan cycle. Waters SQD Acquity Liquid 

Chromatography Mass Spectrometry (LC-MS) was used to confirm molecular weight. LC-

MS analysis was performed on Phenomenex C18 column with water/acetonitrile 70:30 

(v/v) in 0.05% Trifluoroacetic acid (TFA) with 0.4 mL/min flow rate using MS scan ES+ 

ion mode. The glass transition temperature (Tg) of the hydrogels was analyzed via DSC 

using TA Instruments Q200 DSC (New Castle, DE). The hydrogels (~5 mg) were analyzed 

by heating under dry nitrogen from -10 °C to 200 °C at a rate of 10 °C/minute and cooling 
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to -10 ˚C at 10 ˚C/minute, with a three-cycle minimum. The data was analyzed using TA 

instruments Universal Analysis 2000 software. 

 

4.2.2.2. Salicylic acid-based monomer (SAm) synthesis 

 

SA (2 eq) was dissolved in 100 mL of THF and pyridine (4 eq).  Itaconyl chloride 

(1 eq) was dissolved in 15 mL THF and added dropwise (over 1 hour) to yield a suspension. 

After stirring for 2 hours at RT, the supernatant was concentrated in vacuo and the resulting 

residue re-dissolved in ethyl acetate (50 ml). The solution was then washed with 1 N HCl 

(3 X 50 mL) and then the organic layer dried over MgSO4. The solvent was removed in 

vacuo to yield crude product, which was then purified using Biotage SNAP ULTRA C18 

column via Biotage flash chromatography. 1% Trifluoroacetic acid (TFA) in water and 1% 

TFA in acetonitrile (ACN) was used as mobile phase A (MPA) and B (MPB), respectively. 

The purification was started using 4:1 (MPA:MPB) and increased to 1:1 (MPA:MPB) in 5 

column volumes. The samples were collected and lyophilized overnight. Yield: 40% (white 

solid). 1H NMR showed characteristics peaks at δ 7.16-8.08 (m, 8H, Ar-H), 6.46 (m, 1H, 

CH2), 6.08 (m, 1H, CH2), 11.20 (s, 1H, OH) and 3.85 (s, 2H, CH2). The molecular weight 

of the SAm, 370.3, was confirmed using LC-MS. FT-IR showed characteristics peak at 

1732 cm-1 (C=O, ester), 1690 cm-1 (C=O, carboxylic acid), 1643 cm-1 (C=C).  

 

4.2.2.3. Hydrogel synthesis 
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Hydrogels were prepared by UV-initiated free-radical polymerization. SAm (1 eq) 

and acrylic acid (AA) (2 eq) were dissolved in 1 mL of acetone:water (6:4 v/v). PEGDA 

(Mw= 250 Da) was added in 0.075 mmol (low crosslink) and 0.15 mmol (high crosslink) 

of PEGDA per total monomer (SAm and AA) for hydrogel 1 and hydrogel 2, respectively. 

The mixtures were stirred for 15 minutes at RT to dissolve all components and purged 

under nitrogen for 30 minutes. To initiate the reactions, Irgacure 2959 at 3% of the weight 

of total reagents was added to the solutions, stirred for 10 minutes at RT, and subsequently 

pipetted into Teflon beakers (28 mm diameter) under nitrogen. The beakers were then 

positioned horizontally to the direction under the UV light at 365 nm using a UVP Lamp 

(UVP LLC, Upland, CA) and the solution was cured for 45 minutes at RT. The hydrogels 

were then soaked in 50:50 acetone:water (50 ml) for 1 hour at RT and subsequently washed 

with acetone (3 x 100 mL) and water (3 x 100 mL) to remove residual monomers. FT-IR 

showed characteristics peak at 1731 cm-1 (C=O, ester), 1700 cm-1 (C=O, carboxylic acid), 

1160 cm-1 (C-O-C). Tg= 77 °C (hydrogel 1); 85 °C (hydrogel 2).  
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Scheme 4.1: Synthesis of salicylic acid-based monomer (SAm) and hydrogel. Hydrogels 

were cross-linked with varying amounts of crosslinker (PEGDA). 
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4.2.3. Swelling behavior 

Swelling experiments were performed in phosphate buffer saline (PBS) buffer (pH 

7.4) or 0.1 N HCl (pH 1.2) for 1 and 24 hours at 37 °C. Given that orally administered 

compounds pass through the stomach in 15-60 min and stay in the GI tract around 24 

hours,25, 26 the time points of 1 and 24 h were chosen to represent retention in the stomach 

and GI tract. Approximately 60 ± 10 mg of dried hydrogel was immersed in the media (15 

ml) in a 20 mL scintillation vial. At 1 and 24 h time points, gels were removed from the 

solution, dried with kimwipes, and weighed. The swelling percentage was calculated 

according to following equation.27-29 Q = ୛ୱି୛ୢ୛ୢ 		,        Equation 4.1 

where Ws and Wd are the weight of the swollen and dried films, respectively. All 

experiments were carried out triplicate and the average values reported. 

 

4.2.4. Hydrogel morphology 

 

Hydrogel morphology was investigated using scanning electron microscopy 

(SEM). Hydrogel films were swollen in PBS buffer (20 ml) for 24 hours at room 

temperature and subsequently lyophilized for 12 hours prior to SEM imaging. Samples 

were coated with Au/Pd using a sputter coater (SCD 004, Balzer Union Limited) and 

images were obtained using an AMRAY-1830I microscope. 
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4.2.5. In vitro SA release 

 

Hydrogels (60 ± 10 mg) were placed in 20 mL scintillation vials containing 10 mL 

PBS (pH 7.4) and 0.1 N HCl (pH 1.2) and then incubated using a controlled environment 

incubator-shaker (New Brunswick Scientific Co., Edison, NJ) (37 ˚C, 60 rpm). At set time 

points, 5 mL aliquots of media were removed and replaced with 5 mL fresh media. The 

amount of release SA was quantified by high performance liquid chromatography (HPLC) 

to monitor SA release. HPLC C18 reverse phase column was used in the Waters HPLC 

system. For the analysis, water/acetonitrile 70:30 (v/v) in 0.1% phosphoric acid with 0.4 

mL/min flow rate was used to elute SA. The detection wavelength was 303 nm. The SA 

calibration curve was prepared from SA standards and the data was calculated against a 

calibration curve. The release experiment was carried out until SA was no longer detected 

in the PBS buffer. In 0.1 N HCl media, release experiments continued for 24 hours, then 

0.1 N NaOH was added to hydrolyze any remaining SA. The experiments were normalized 

to 100%. All sets of experiments were performed in triplicate. 

 

4.2.6. Rheometry 

 

The rheological behaviors of the hydrogels were measured using oscillatory 

rheology with AR 2000, TA Instruments (New Castle, DE). The rheological behavior was 

measured using dynamic storage modulus (or elastic modulus), G’; loss modulus, G’’ 
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(viscous behavior); and loss tangent as a function of time and frequency. The 

measurements were performed using parallel plate geometry (8 mm) at 25°C. Hydrogels 

were swollen for 12 hours prior to testing in PBS (pH 7.4) at RT. Storage, loss modulus, 

and loss tangent were measured in a frequency range 10 to 60 rad/s with a constant stress 

of 1 Pa and constant normal force 1 N during the frequency sweep experiment. The time 

sweep was performed at 1 Hz frequency and at 1 Pa stress for 900 seconds. Experiments 

were performed in triplicate. 

 

4.2.7. Mucoadhesion behavior 

 

Hydrogel mucoadhesion properties were analyzed via previously published 

methods using Texture Analyzer TA-XT2 (Hamilton, MA).30, 31 Hydrogels were adhered 

to the upper holder and wetted with pH 7.4 phosphate buffer, whereas 30% mucin gel in 

pH 7.4 phosphate buffer was attached to the lower, stationary part of the texture analyzer. 

The mucin layer and hydrogels were brought into contact for 100 seconds with 7.8 N 

applied force and then the upper part raised at 1.0 mm/s. The mucin layer alone was used 

as a control, and the force of detachment and distance recorded. The mucoadhesion 

performance of the gels was determined by measuring the resistance to the withdrawal of 

the upper holder, maximum detachment force Fmax in “g.” The work of adhesion was 

calculated by area under the curve (AUC) of the force distance plot (g x mm).  Experiments 

were performed in triplicate. 
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4.2.8. Cytotoxicity of the hydrogels 

 

Hydrogels cytocompatibility was performed in a 96-well plate by MTS ((3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

assay. 3T3 fibroblast cells were cultured in hydrogel-containing media. Cell culture media 

consisted of Dulbecco’s Modified Eagle’s Medium (DMEM), 10% v/v fetal bovine serum, 

1% L-glutamate and 1% penicillin/streptomycin. The hydrogels were first sterilized under 

UV at λ=254nm for 900 seconds (Spectronics Corporation, Westbury, NY), and further 

incubated in cell culture media for 24 hours. Supernatant was used for cell viability and 

compared against cell culture media alone. Cells were seeded in a 96-well plate at 2,000 

cells per well in 100 µL media. After incubation for 1 hour, the hydrogel-incubated media 

were added to the wells at various concentrations (0.1 mg/mL, 0.01 mg/mL, and 0.001 

mg/mL), in which anti-inflammatory effects were observed. After 24 hours incubation, 

MTS reagent was added to each well and further incubated for 3 hours at 37 °C, the 

absorbance was recorded with a microplate reader (Coulter, Boulevard Brea, CA) at λ = 

490 nm. 

 

4.3. Results and Discussion 
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4.3.1. Salicylic acid-based monomer and hydrogel synthesis 

 

As shown in Figure 4.1, SAm was successfully synthesized by modifying a 

previously published procedure.32 The appearance of the ester IR band at 1732 cm-1 and 

the carboxylic acid IR band at 1690 cm-1, along with alkene stretching at 1643 cm-1, 

confirmed the occurrence of a successful reaction that did not affect the alkene bond. 

Following the SAm synthesis, the hydrogels were prepared by UV-initiated free radical 

polymerization. Figure 4.1 compares the FT-IR spectra of the SAm and hydrogel systems. 

In the FT-IR spectrum of the hydrogels, the C=C stretches at 1643 cm-1 disappeared, 

confirming that the itaconic acid and acrylic acid monomers reacted. In addition, the C=O 

of SAm was shifted in the presence of PEGDA as previously observed.33 The peak shifting 

of the hydrogen-bonded functional groups in the FT-IR spectrum suggests possible 

hydrogen bond formation with PEG.33 In addition, the characteristic C-O-C stretching of 

PEG was observed at 1160 cm-1., DSC measurements were performed on hydrogels to 

confirm the uniformity, showed that Tg values of hydrogels 1 (low cross-linked) and 2 

(high cross-linked) were 77°C and 85°C, respectively. Tg values increase with increasing 

crosslink content, as the hydrogel becomes more rigid. 

 



90 
 

 

 

Figure 4.1: FT-IR spectrum of (A) SAm (blue line) and (B) hydrogel system (red line) 

represented as examples. Key IR bands are labeled on each spectrum. The spectrum at the 

top is hydrogel 2 (high cross-linked) and is representative of both hydrogel systems. 

 

4.3.2. Swelling behavior 

Swelling studies were performed to confirm whether the hydrogels exhibited pH-

responsive swelling behavior. The swelling behaviors of hydrogel 1 (low cross-linked) and 

hydrogel 2 (high cross-linked) were immersed in two different solutions, 0.1 N HCl (pH 

1.2) and PBS (pH 7.4), and allowed to swell for 1 and 24 hours at 37°C. None of the gels 
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significantly swelled in pH 1.2. As shown in Figure 4.2, the swelling value of the gels 

within 24 hours was 0.35 and 0.29 for hydrogels 1 and 2, respectively, at pH 1.2. The pH-

dependent properties arise from the polyelectrolyte behavior of the carboxylic acid 

component: As the pH increases, the hydrogels expand and incorporate water due to the 

electric repulsion between the ionized carboxylic groups, which increase the ionic swelling 

force.34 The swelling value within 24 hours was 9.4 and 4.3 for hydrogels 1 and 2, 

respectively, in pH 7.4 PBS buffer. Under both conditions, higher crosslinker density 

yielded lower swelling values. These results followed the same trend as observed for many 

systems in the literature: Increased cross-linking decreases the swelling percentage due to 

increasing entanglement, which limits the interchain repulsion and slows media 

permeation.33 

 

Figure 4.2: Swelling values (Q) values in pH 1.2 and pH 7.4 at 1 h and 24 h time points 

according to Equation 4.1 for hydrogel 1 (low cross-linked) and hydrogel 2 (high cross-

linked). Data are presented as mean ± standard deviation (n=3 in each group). 
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4.3.3. Hydrogel morphology 

 

Porosity is an important characteristic of hydrogels, as high porosity is beneficial 

for high drug loading and improved drug release via diffusion.5,6 Pore structures of these 

chemically cross-linked hydrogels in the swollen state were examined using SEM. As 

shown in Figure 4.3, all the hydrogel systems exhibited porous structures. However, the 

pore sizes differ with varying PEGDA and crosslinker concentration: As the concentration 

of the PEGDA increased, the pore sizes decreased. The effect of crosslink density on pore 

size was previously observed:  Increasing crosslink density decreased pore size.35 The pore 

sizes of the hydrogels are 66.7–37.8 µm and 15.6–8.9 µm for hydrogel 1 and hydrogel 2, 

respectively. The porosity percentage was calculated using ImageJ software, to be 69.6% 

and 47.4% for hydrogel 1 and hydrogel 2, respectively. Hydrogel pore size was in the same 

range with previously published work (Chapter 3) on insulin-loaded SA-based physically 

cross-linked hydrogels.24 Furthermore, the pore sizes are similar to cross-linked PEG 

hydrogels, in which avastin, a monoclonal antibody used for colon cancer treatment, was 

encapsulated and released in a sustained manner.36 These results suggest that a wide range 

of different-sized molecules, such as insulin or avastin, can potentially be incorporated into 

both hydrogel systems. 
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Figure 4.3: SEM images of hydrogel 1 (low cross-linked) and hydrogel 2 (high cross-

linked). Hydrogels were swollen in pH 7.4 phosphate buffer for 24 hours at room 

temperature, and then freeze-dried for 12 hours prior to SEM imaging. Films are shown at 

500x magnification.  

Hydrogel 2 

Hydrogel 1 
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4.3.4. In vitro SA release 

 

To assess in vitro SA release from SA-based hydrogels, dry hydrogels were 

dispersed into 0.1 N HCl (pH 1.2) and pH 7.4 buffer solutions to simulate stomach and 

intestine and psychological pH conditions, respectively. Hydrogel swelling was observed 

to directly influence SA release, as higher swelling percentages enabled more water 

penetration and diffusion into the hydrogel network. As shown in Figure 4.4, 100% of the 

SA was released from hydrogel 1 and hydrogel 2 in pH 7.4 buffer within 24 hours. The SA 

release rate was slightly slower in hydrogel 2, which correlates to swelling values in the 

pH 7.4 buffer system. As expected, slower SA release was observed in pH 1.2, with only 

30% released over the 24 hour time period and less than 2% over 2 hours. These results 

revealed that these systems may be beneficial for colon-specific oral delivery. As an orally 

administered medicine has a 15-60 minute transit time through the stomach,25 these 

systems show promise with lower release and swelling values after 60 minutes. 

 

A 
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Figure 4.4: In vitro release of salicylic acid (SA) from hydrogel 1 (low cross-linked) 

and hydrogel 2 (high cross-linked) in (A) pH 1.2 and (B) pH 7.4. (C) shows hydrogel 

degradation into salicylic acid. The inset graph is SA HPLC chromatogram after the 

hydrolysis. Data in A and B are presented as mean ± standard deviation (n=3 in each 

group). 

 

B 

C 
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4.3.5. Rheology behavior 

 

Rheology is a quick and sensitive method for characterizing the mechanical 

properties of a hydrogel, providing information about the rigidity, elasticity, and 

deformability of the sample structure.37, 38 The energy stored and recovered per cycle of 

deformation is defined as the storage modulus, G’, which is a measure of sample resistance 

to elastic deformation. Storage modulus G’ is representative of the viscoelastic parameter 

in dynamic oscillatory measurements. The loss modulus, G”, records energy loss per cycle 

and quantifies the viscous component, which shows the lack of structure and the liquid-

like material.39 Another useful parameter is loss tangent (tan δ), which describes the 

viscoelastic nature of the materials. Loss tangent is the ratio of G”/G’ and tan δ < 1 indicates 

a solid-like, elastic response. Tan δ becomes smaller as viscoelastic behavior increases and 

the gels become stiffer. 

To confirm the gel-like behavior and cross-linked effect, different parameters were 

evaluated. According to the literature, G’ is frequency independent and tan δ < 1 for gels.40 

The SA-based gel showed frequency independent behavior and tan δ was smaller than 1 

for both systems. As shown in Figure 4.5, the time sweep measurements display a constant 

storage modulus over time. In addition, the cross-linked effect was similar to literature 

showing that increasing the cross-link percentage increases the G’ value.41 Moreover, 

increasing the crosslink percentage decreased tan δ, which means that the hydrogels 

become stiffer. For both gels, G” was smaller than G’. G’ was 16000 and 70000 Pa for 

hydrogel 1 and hydrogel 2, respectively, while G” was 2000 and 6000 Pa for hydrogel 1 
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and hydrogel 2, respectively. Compared to physically cross-linked, acrylic acid-based 

hydrogels (e.g., Carbopol) and chemically cross-linked acrylic acid-based hydrogels, the 

SA-based, chemically cross-linked hydrogels showed higher G’ values, which indicate 

stiffer, higher viscoelastic behavior.40, 42 Stiffer gels would be beneficial for drug and 

protein delivery implants, as they are less sensitive to displacement and can protect protein 

in the presence of biological fluids. 

 

 

Figure 4.5: Rheological behavior of hydrogel 1 (low cross-linked) and hydrogel 2 (high 

cross-linked), comparing hydrogels storage modulus, G’, in (A) as a function of time at 1 

Hz frequency and 1 Pa stress in (B) as a function of frequency at 1 Pa stress. 

A 

B 
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4.3.6. Mucoadhesion behavior 

 

Mucoadhesive systems such as poly(acrylic acid)-based systems have been 

extensively studied to increase the permeability of peptides and proteins.14,16 The 

maximum detachment force of hydrogel 1 and hydrogel 2 were 133.5 ± 30.7 g and 73.2 ± 

12 g, respectively. The work of adhesion of hydrogel 1 and hydrogel 2 were 290.1 ± 73.4 

and 219.8 ± 45.6, respectively. The maximum detachment force of both hydrogels were 

higher than previously published PEG-based acrylic acid hydrogels developed for oral 

insulin delivery. In addition to mucoadhesion behavior, serum glucose levels in rats of 

previously published insulin incorporated PEG-based acrylic acid hydrogels were 

investigated.43, 44 These systems controlled the blood glucose level in diabetic rats.44 These 

results suggest that these SA-based systems may increase bioavailability. Furthermore, 

increasing crosslink density decreased mucoadhesion strength. The same trend has been 

reported in the literature.45  

 

4.3.7. Cytotoxicity of the hydrogels 

 

Cytotoxicity against 3T3 cells was determined by the MTS assay as a function of 

three different concentrations in which the anti-inflammatory effect of the SA is observed. 



99 
 

 

Media was used as control. The results (Figure 4.6) indicate that cell viability was not 

statistically different from the media controls for both gels. 

 

Figure 4.6: Cytotoxicity profile of the different concentrations of the hydrogels after a 

24-hour incubation period. Absorbance at 490 nm after MTS treatment is proportional to 

cell viability. Data are presented as mean ± standard deviation (n=6 in each group). The 

cell viability of the hydrogels were not statistically different from the media controls. 

 

4.4. Conclusion 

 

Different cross-linking ratios of SA-based hydrogel systems were developed by 

UV-initiated free radical polymerization. These hydrogel systems exhibited different 

swelling values depending on the media pH. Swelling values and SA release decreased 

with increasing cross-linking density. The SA amount and release profile can be further 
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tuned by increasing salicylic acid-based monomer and by changing crosslinker density. 

These hydrogel systems showed porous structures, which is beneficial for protein 

encapsulation and controlled release. In addition, rheological studies proved that these 

systems are mechanically strong and robust. Moreover, these hydrogel systems also 

showed good mucoadhesive behaviors, which is important for drug delivery applications. 

In summary, these hydrogels can deliver SA in a sustained manner and can potentially be 

used for protein delivery.  
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5. FUTURE WORK 

 

In Chapter 4, salicylic acid was chemically incorporated to develop cross-linked 

hydrogels systems. These systems were developed as pH-sensitive systems to deliver 

intestine-targeted proteins or the small molecule, SA; these systems could deliver SA 

within 24 hours.  

As previously described, SA is an anti-inflammatory agent that may be used to 

prevent diseases such as cancer1 and diabetes2. The active compounds, currently used to 

cure these diseases can be physically incorporated and delivered in combination with SA. 

Insulin, the main protein given to diabetes patients, can be incorporated to SA-based 

chemically cross-linked hydrogels via the swelling-diffusion technique described in 

Section 3.2.3 In addition to swelling-diffusion technique, alternative published procedures4, 

5 can be used to incorporate insulin. For example, monomers (SA-based diacid and acrylic 

acid), crosslinker, (poly(ethylene glycol)-diacrylate), and initiator (irgacure) could be 

dissolved in acetone:water mixture along with a small amount of insulin solution (80µL of 

20 mg/mL). The mixture could be poured into teflon beaker and cross-linked under 

nitrogen. Cross-linking time may be shortened to the possible effect of UV light on 

proteins. Insulin and SA-based monomer amount can be adjusted according to desire 

dosage.  

As a second project, SA has shown promising results in colon cancer treatment.  

Capecitabine is one of the active compounds used for treating colon cancer. 6 Capecitabine 

can be incorporated into hydrogel systems via the two techniques described for insulin 

incorporation and then delivered specifically to the colon for treatment. As shown in 
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Chapter 4, these hydrogels systems behave differently in stomach-simulated pH (pH 1.2) 

and intestine-simulated pH (pH 7.4) conditions. These results suggested that the systems 

can be used for colon specific delivery.  

Third, SA release can be extended in chemically cross-linked hydrogel systems 

using alternative synthesis techniques using the synthesis proposed below, Scheme 6.1. 

Briefly, diacid synthesis can be followed by solution polymerization, and then cross-linked 

using poly(ethylene glycol)-diacrylate. Extended release (i.e., longer than 24 h) can be 

achieved using these systems for tissue engineering and wound dressing applications.  
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Scheme 5.1: Suggested synthesis scheme of chemically cross-linked extended SA 

release hydrogel system.  

 

Fourth, chemically cross-linked SA-based injectable hydrogel systems can be 

developed using SAm diacid. Briefly, these SAm can be combined with NIPAM monomer 
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and then cross-linked via low percentage of cross-linked, poly(ethylene glycol)-diacrylate 

and SAm. A proposed synthetic scheme is shown in Scheme 6.2.  

 

Scheme 5.2: Suggested synthesis scheme of chemically cross-linked temperature-

sensitive hydrogel system.  
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Physically cross-linked pH sensitive hydrogel systems are discussed in Chapter 3. 

Insulin was successfully incorporated into hydrogel system and could like be protected in 

GI-mimicking conditions. Further, insulin, physical and chemical stability was evaluated 

using SEC and iCIEF, respectively. The results showed that insulin was stable after 

releasing from hydrogel systems. Furthermore, these systems showed promising 

mucoadhesion behavior. Literature shows that mucoadhesive systems improve protein 

bioavailability7 and often contain acrylic acid and/or itaconic acid to yield promising 

results. 8-10 As an example, acrylic acid-based insulin incorporated systems were evaluated 

in diabetic rats and shown to lower glucose levels.11, 12 Salicylic acid-based physically 

cross-linked hydrogels should be evaluated in vivo after incorporating insulin. The 

following published procedure can be used to evaluate in vivo behavior of insulin 

incorporated pH-sensitive hydrogel systems. Briefly, male rats will be injected with 

streptozotocin (40 mg/kg body weight) once daily for 3 days to achieve diabetic conditions, 

which should be confirmed by checking glucose levels. Once the diabetic conditions are 

achieved, hydrogels can be placed in a gelatin capsule and orally administered to rats at 50 

IU/kg of animal body weight. Blood samples should be taken at specific times over 24 h to 

analyze glucose levels, which can be measured via glucose oxidase kit.11  

Fifth, in chapter 2, BSA was incorporated as a model compound into temperature-

sensitive hydrogel systems. These systems are unique as they have extended SA and BSA 

release profiles. Other active compounds such as insulin should be incorporated into these 

systems and the release profiles evaluated. Furthermore, in vivo studies should be 

performed to evaluate combination delivery of SA and insulin in diabetic’s rats.  
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6. APPENDIX 1: CYTOCOMPATIBILITY STUDIES OF KOJIC ACID-BASED 

POLY(ANHYDRIDE-ESTERS) 

 

6.1. Introduction 

 

Melanogenesis is a process which occurs inside the epidermal later of the skin cells 

and produce a dark pigment called melanin.1 Extensive level of melanin pigmentation 

cause hyperpigmentation, which is usually seen in elderly people.1 Hyperpigmentation can 

be prevented using tyrosinase enzyme inhibitors and the antityrosinase agent, kojic acid, 

has been used for skin-lightening applications.2, 3 In this research, kojic-acid based 

polymers were synthesized for extended release.  

Kojic acid-based poly(anyhdride esters) shown in  Figure 5.1 were synthesized by 

Jonathan Faig.   

 

Figure 6.1: Kojic acid-based poly(anhydride-esters)  
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6.2. Cytotoxicity: Method 

 

Kojic acid polymer cytocompatibility was performed by culturing 3T3 mouse 

fibroblast cells in polymer-containing media. Three different polymers were first sterilized 

under UV at 254 nm for 900 s (Spectronics Corporation, Westbury, NY), then dissolved in 

DMSO as a stock solution to yield 10 mg/mL and serially diluted to 0.1 mg/mL, 0.01 

mg/mL and 0.001 mg/mL with cell culture media. Cell culture media consisted of 

Dulbecco’s Modified Eagle’s Medium (DMEM), 10 % v/v fetal bovine serum, 1 % L-

glutamate and 1 % penicillin/streptomycin. The cells were seeded in 96-well plate at 2,000 

cells per well in 100 µL media. After incubation for 1 h, the polymer-containing media at 

various concentrations were added to wells. The media with dissolved polymer was 

compared to DMSO-containing media (1 % v/v). For the fibroblasts, cell viability was 

determined by using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium) assay. After 24 h, 48 h, and 72 h incubation, MTS reagent 

was added to each well and further incubated for 3 hours at 37 °C, the absorbance was 

recorded with a microplate reader (Coulter, Boulevard Brea, CA) at λ = 490 nm.  

 

6.3. Cytotoxicity: Results 

 

Cytocompatibility was tested in vitro by the MTS assay using 3T3 cells was 

determined as a function of three different concentration of the polymer solution, 0.1 

mg/mL, 0.01 mg/mL and 0.001 mg/mL. As shown Figure 5.2, cell viability was not 
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statistically different from the DMSO controls at the concentrations in which a therapeutic 

effect was observed (0.01 mg/mL and 0.001 mg/mL). 

 

Figure 6.2: Cytotoxicity profile of the different concentrations of the hydrogels after 24 

h, 48 h and 72 h incubation. Absorbance at 490 nm after MTS treatment is proportional to 

cell viability. Data presented as mean ± standard deviation, n=6 in each group. 
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7. APPENDIX 2: PHYSICALLY CROSSLINKED SALICYLIC ACID-BASED 

POLY(N-ISOPROPYLACRYLAMIDE-CO-ACRYLIC ACID)  HYDROGELS 

INJECTABILITY 

 

7.1. Method and Results 

 

Injectability test performed using a previously published procedure.1 BSA, model 

protein was loaded to  PN:SAPAE hydrogels using the procedure discussed in Chapter 2. 

10 mg of BSA-loaded PN:SAPAE gels were ground and placed in 10 mL of PBS buffer 

and incubated at 5 ˚C for 2 h. After 2 h, 2 mL of the formulation was transferred to 5 mL 

syringe with 22 gauge needle and placed in syringe pump and set at a rate of 2.0 mL for 

1h. The amount of formulation dropped from syringe was collected in graduate cylinder. 

The amount of water was measured using graduate cylinder, both of the hydrogel 

systems (7:3 and 6:4 PN:SAPAE hydrogels) were delivered 1.9 ± 0.1 mL of formulation 

within 1h. These results suggest that these systems can be used as injectable. 

 

7.2. Reference 
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