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Sulfur mustard (SM) is a potent chemical warfare agent that mainly affects the eyes, 

lungs and skin. Inflammatory cytokines and Matrix Metalloproteinase-9 (MMP-9) have 

been identified as potential therapeutic targets for SM-induced tissue damage since they 

quantitatively increase over time in response to SM exposure. Doxycycline is a 

tetracycline antibiotic with anti-inflammatory properties that acts by inhibiting MMP-9. 

Currently, neither doxycycline nor doxycycline delivery systems have been investigated 

for treatment of SM injuries. 

 

The objective of this thesis project is to design and fabricate sustained release topical 

doxycycline delivery systems and evaluate their wound healing efficacy. Fast forming 

hydrogels were prepared by crosslinking a poly(ethylene glycol) (PEG)-based polymer 

containing multiple thiol groups with different polymers or crosslinkers. The optical 

properties of the hydrogels were evaluated by spectrophotometry and the hydrogels that 

were transparent or close to transparent were chosen for drug delivery to the eye. 
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Physicochemical properties of the hydrogels evaluated by rheometry and swelling 

kinetics show that the hydrogels have good mechanical strength with a low degree of 

swelling (<8%). 

 

In vitro release profiles of doxycycline-loaded hydrogels demonstrated biphasic release 

with an initial burst phase followed by a sustained phase. Permeation of doxycycline 

through vesicant wounded corneas was 2.5 to 3.4 fold higher than through unwounded 

corneas suggesting that the barrier function of the cornea is compromised after vesicant 

exposure. Doxycycline hydrogels showed a significant improvement in corneal epithelial 

healing compared to a similar dose of doxycycline solution in a vesicant-exposed rabbit 

corneal organ culture model.  

 

The model vesicant, nitrogen mustard (NM) showed dose and time dependent wound 

progression in SKH-1 mice. The permeability of NM-exposed skin (5 μmoles) to 

different molecular markers increased significantly compared to the control suggesting 

that stratum corneum does not act as a barrier for transdermal drug absorption after 

vesicant exposure. From histology analyses, it is evident that doxycycline hydrogel 

treated groups showed significant wound healing efficacy compared to untreated or 

placebo hydrogel treated groups. In summary, in situ forming topical doxycycline-loaded 

PEG hydrogels showed superior wound healing efficacy offering a potential therapeutic 

option for mustard injuries in the eye and skin. 
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1 INTRODUCTION 

 
Sulfur Mustard (SM) is a potent chemical warfare agent and is the most abundantly 

produced and stockpiled vesicant worldwide [1]. Injuries produced by SM are more 

pronounced in the eyes, lungs and skin [1]. The eyes are most sensitive to SM and 

symptoms such as conjunctivitis, grittiness under the eyelid, tearing, corneal edema, 

photophobia, severe blepharospasm, corneal damage, ulceration and perforation occur 

depending on the dose and time of exposure [2]. SM rapidly penetrates the skin causing 

edema, erythema, blisters, lesions, ulceration and necrosis depending on temperature, 

moisture, and anatomical location of the site of exposure and also on the absorbed dose 

[3]. The specific pathogenic and molecular mechanisms responsible for SM induced 

injury remains unclear, but alkylation of resident proteins is considered to be responsible 

for disruption of the tissue organization both in the eyes and skin [1]. In recent years, the 

targeting of civilian populations by groups willing to employ chemical warfare agents has 

intensified our need to develop countermeasures. The most devastating aspect of SM 

exposure is that wound healing occurs over a prolonged time period as compared to other 

blister-forming injuries resulting from, for example ultraviolet (UV) exposure. The 

current research project focuses on developing countermeasures for the treatment of SM-

exposed eyes and skin.                     

 

Although the molecular mechanisms of SM induced injury are unclear, SM can alkylate 

DNA, RNA, and proteins causing inflammation, tissue damage and cell death [3]. MMPs 

are a family of proteases that enhance the action of many activating factors during the 
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inflammatory response and contribute to tissue degradation [4-16]. MMP-9 quantitatively 

increases over time in response to SM exposure and is a potential target of therapy for 

SM damage [12, 13]. Clinically impaired corneas resulting from SM exposure were 

characterized mainly by chronic inflammation and increased MMP activity [17]. The 

level of MMP-9 decrease was correlated with accelerated wound healing [18, 19].  

Intervention strategies targeting the inflammatory response and increased protease 

expression could provide an approach for treating SM-induced injuries in both the eye 

and skin. 

 

Doxycycline is an inexpensive, Food and Drug Administration (FDA) approved 

antibiotic that could potentially promote wound healing by reducing inflammation and 

protease activity at the wound site. Doxycycline belongs to the tetracycline class of 

antibiotics with anti-inflammatory properties resulting from the inhibition of MMP-9. 

Doxycycline was found to inhibit MMP-9 activity in skin keratinocytes [20], endothelial 

cells [21], human corneal epithelial cells [22, 23], prostate cancer cells [24, 25], and 

corneal epithelial cells of experimental dry eye [26]. Doxycycline treatment has been 

shown to be beneficial in the attenuation of acute and delayed ocular injuries [27, 28] and 

respiratory tract lesions [29] caused by SM exposure. 

 

Eye drops (i.e., solutions) are conventional dosage forms used for ocular drug delivery. 

However, they are rapidly cleared from the eye resulting in short residence time and 

reduced drug bioavailability. A drug delivery system that prolongs the contact time with 

the cornea and provides sustained drug release might help in accelerating the wound 
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healing process. This is especially true if the barrier properties are compromised and 

residence time is very short. Traditional wound dressings of the skin include topical 

formulations and wound dressings. Many synthetic wound dressings have been 

developed during the mid 1990’s to prevent bulk loss of tissues or non healing wounds 

such as trauma, burn, diabetic and venous stasis ulcers [30]. However most of the wound 

dressings only protect the damaged tissue and do not play a significant role in healing of 

wounds. An ideal wound dressing for the skin should be easily applicable and removable, 

protect the wound from bacterial contamination and provide a sustained drug release that 

will improve wound healing.  

 

Hydrogels are an attractive class of biocompatible polymers that are increasingly being 

used for controlled release applications. Hydrogels are a crosslinked network of 

hydrophilic polymers that have the ability to absorb large amount of water and swell, 

while maintaining their three-dimensional structure. Molecules of different sizes can 

diffuse into and out of the hydrogel network, which allows for their possible use as a 

drug-depot for controlled release applications. Hydrogels show minimum tendency to 

adsorb protein from body fluids due to their low interfacial tension and they also closely 

resemble living tissue due to their high water content, and soft/rubbery characteristics 

[31]. As a result of these favorable properties, hydrogels are used as scaffolds in tissue 

engineering and drug delivery systems in various biomedical and pharmaceutical 

applications. Since hydrogels require minimal regulation, they are designated as Class I 

devices by FDA [32].  Hydrogels containing PEG are most widely used for their good 
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hydrophilicity, strength, easy processability, high stability to temperatures and pH, 

minimum cell adhesion and protein absorption [33, 34].        

  

Therefore, a PEG based hydrogel system loaded with doxycycline, an MMP-9 inhibitor, 

may possibly provide sustained drug release at the site of SM injury and accelerate 

wound healing. 
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2 BACKGROUND AND SIGNIFICANCE 

 
The concepts that relate to the significance of developing a PEG based hydrogel drug 

delivery system for topical application to the eyes and skin for treatment of mustard 

wounds are discussed in this chapter. The references cited throughout the chapter provide 

more detailed insight to each topic that is presented.  

2.1 Effects of SM exposure on the eye and skin 

2.1.1 SM 

Although SM was first synthesized in 1822, it was identified and used as a chemical 

warfare agent during World War I [1, 35]. The synonyms used for SM are Hun Stoff 

distilled (HD), mustard gas, yellow cross, Yperite, lost and pyro. It is the most 

abundantly produced and stockpiled vesicant worldwide, because it is cheap and easy to 

synthesize [1]. SM injured over 100,000 Iranians during the Iran-Iraq war (1983-1988) 

[36, 37]. SM exposure mainly affects the eyes, lungs and skin. The Central nervous 

system (CNS), endocrine system, gastrointestinal tract (GIT) and hematopoietic system 

are also affected by SM exposure [38-40].  

 

SM is a pale yellow to brown oily liquid that has poor solubility in water but good 

solubility in organic solvents. The physicochemical properties of SM are summarized in 

Table 2.1 [1]. 
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Chemical formula C4H8Cl2S 

Appearance 
Odor 
Molecular weight 
Liquid density 
Freezing point 
Boiling point 
Volatility (mg/m3, 20oC) 
Solubility 

Oily liquid, light yellow to dark brown 
Mustard, garlic and onion 
159.08 
1.27 (specific gravity) 
13oC-14oC 
215oC-217oC 
610 
Poor in water, high in ethanol 
 

 

The pathological effects of SM are due to the formation of a cyclic sulfonium ion that 

alkylates nucleophilic cellular sites in the tissue [41]. Acute toxic effects after SM 

exposure have been observed after a variable length of latency period depending on the 

dose, form (vapor/ liquid), time of exposure and individual’s susceptibility [42, 43]. 

Table 2.2. gives a synopsis of SM pathology [1]. 

Gross pathology Histopathology and 
cytopathology 

Molecular pathology 

Erythema 
Pain 
Blisters 
Pseudomembranes 
Ulcers 
Impaired wound 
healing 

 

Cellular infiltrate 
Separation of cellular 
layers 
Apoptosis 
Necrosis 

 

Cytokines (IL-1, IL-6, IL-8 and 
TNF-α) 
Prostaglandins 
Matrix metalloproteinases 
Serine proteases 
Caspase activation 
DNA adducts 
Cell cycle arrest 
Oxidative stress 
Intracellular Ca++ increase 
Impaired energy metabolism 

 

2.1.2 Effects of SM on eyes 

The eyes are most sensitive to SM with a very short (30 - 60 min) latency period after 

exposure as compared to other organ systems [2]. High concentrations may cause eye 
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pain within 30 minutes [44]. The ocular dose dependent effects of SM are summarized in 

Table 2.3.  

Dose of SM 
(mg·min/m3) 

Ocular effects 

12-70 
50-100 
> 200 

Mild ocular irritation  
Conjunctivitis, grittiness under the eyelid, and tearing. 
Eyelid and corneal edema, impairment of vision, 
photophobia, and severe blepharospasm 

 

The high susceptibility of the eyes to SM is due to the presence of a thin cornea 

continuously covered by tear fluid. The presence of moisture favors the formation of 

reactive SM intermediates [45]. Thus, SM easily penetrates through the ocular epithelia. 

Conjunctival and corneal edema is observed several hours after SM exposure. 

Conjunctival goblet cells disappear over time leading to decreased production of mucus. 

Severe endothelial damage results from occlusion of conjunctival vessels [46]. Ocular 

pain and blepharospasm occurs as a result of damaged nerve endings in the cornea. The 

cornea detaches from the stroma resulting in the formation of small vesicles. Severe 

exposure to SM causes extended destruction of the limbal blood vessels [2], chemical 

anterior uveitis, corneal necrosis, and lens opacification [47]. 

2.1.3 Effects of SM on the skin 

The skin’s susceptibility to SM exposure mainly depends on temperature, moisture, and 

anatomical location. Body areas which are moist with thin epidermal layers are highly 

sensitive to SM exposure. The onset of symptoms depends on the vapor concentration 

and exposure time. Higher doses are known to shorten the symptom free latency period. 

Itching and erythema are observed 4 - 8 h after SM exposure at a vapor dose of 100–300 
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mg·min/m3 and liquid dose of 10–20 μg/cm2. At much higher doses (vapor: 1000–2000 

mg·min/m3, liquid: 40–100 μg/cm2) blister formation occurs [3]. Initially small blisters 

(vesicles) are formed in the erythemic area which coalesce to form large blisters (bullae) 

[48]. A positive Nikolsky sign (increased friction aggravates local damage) is observed in 

skin sites exposed to SM. Blisters can occur several weeks after exposure, despite any 

further contact with SM [1, 49]. 

 

SM mainly affects the epidermis which is the outermost layer of skin. Edema, 

inflammation and cell death are observed mainly at the basal keratinocyte layer. The 

rapidly proliferating keratinocytes of the basal layer are the main target of SM exposure. 

Histopathologically this layer shows highest cell damage like karyolysis and pyknosis 

[50, 51]. Blister formation occurs between the epidermis and dermis and is observed 

several hours after SM exposure [52, 53]. The dermis is comparatively less affected and 

shows signs of discrete necrosis, decreased number of fibroblasts and histiocytes. 

Biopsies at the exposed areas often have no epidermis, exhibit necrosis, massive cellular 

infiltration, capillary engorgement and thrombosis [51]. Cell death, separation of cellular 

layers, and cellular infiltrate are the common histopathological changes that occur both in 

the eyes and skin after SM exposure. 

2.1.4 Molecular and cellular pathological effects caused by SM 

SM induced cytotoxicity is caused by the reaction of SM with proteins, RNA, DNA and 

phospholipids [1, 54]. High SM concentrations induce enhanced production of reactive 

oxygen species by depleting the antioxidant defense systems in the body, especially 
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glutathione levels [55, 56]. SM alkylation of DNA mainly at the N7 of guanine forming 

7-(2-hydroxyethylthioethyl) guanine (7-HETEG) [57-59] plays an important role in the 

delayed wound healing of SM injuries [60]. SM activates PARP-1 resulting in depletion 

of NAD+ and ATP, inhibition of cellular energy metabolism, protease release and 

necrotic cell death [61-63].  

 

SM injury causes activation of several proteases and proinflammatory cytokines. Of the 

proteases, MMPs are the main players in skin pathology of SM-induced blisters [12, 13] 

and in junctional epidermolysis bullosa (JEB) [16]. Studies with the mouse ear model 

suggest that MMP-9 is the most upregulated MMP in SM-exposed skin [13]. Several 

proinflammatory mediators are released shortly after SM exposure, the most important of 

them being IL - 1α/β, IL - 6, IL - 8, TNF - α, GM-CSF and iNOS [12, 64-68]. The release 

of cytokines can induce a strong chemotactic response that attracts neutrophils and 

macrophages. The number of infiltrating cells is dependent on dose and time of SM 

exposure [69]. SM induces the cyclooxygenase (COX) pathway resulting in the 

production of eicosanoids (prostaglandins, thromboxanes, and leukotrienes) from 

phospholipids. SM induced inflammation has been shown to be reduced by COX 

inhibition [70].  

2.2 Drug delivery to the eye 

 
Ocular tissues are protected from toxic substances in the environment and the 

bloodstream by tear secretions that continuously flush its surface, an impermeable 

corneal epithelium and membrane transporters actively clearing the retina of agents that 
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can potentially disturb the visual process [71]. However, the same protective mechanisms 

act as barriers to ocular drug delivery. The annular tight junctions completely surround 

and effectively seal the corneal epithelial cells by providing a diffusional barrier to drug 

absorption into the anterior chamber of the eye [72]. Hence, the corneal epithelium is the 

rate limiting barrier to ocular penetration of topically applied drugs [73, 74]. 

 

Physiological barriers to the diffusion and absorption of topically applied ocular drugs 

exist in the precorneal and corneal spaces. Solution drainage, lacrimation and tear 

dilution, tear turnover, conjunctival absorption and corneal epithelium are the main 

factors that limit the ocular contact time and bioavailability of topical solution dosage 

forms resulting in a short duration of pharmacological response [75, 76]. The residence 

time of most conventional ocular solutions ranges between 5-25 minutes [77-79]. Only 1-

10 % of topically applied drug is absorbed [80], which also includes absorption from the 

GIT due to drainage through the nasal-lacrimal duct [81]. As a result, a frequent dosing 

regimen is necessary to achieve therapeutic efficacy [82]. However, frequent instillation 

of eye drops containing drugs like pilocarpine result in local side effects such as 

headaches due to ciliary muscle spasm, decreased vision in poor illumination due to 

miosis, and accommodative myopia  [83]. Ocular delivery systems with prolonged ocular 

residence time such as ointments and suspensions have been developed to overcome 

these challenges and increase ocular drug bioavailability [84, 85]. There are, however, 

several limitations that reduce patient compliance. For example, ointments are greasy and 

produce blurred vision [86, 87]. Similarly, non-erodible inserts such as Ocusert are 

difficult to administer and remove, have problems with retention, unnoticed loss of the 
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unit from the eye and rupture of its membrane causing excessive bolus drug release [88, 

89]. The major goal in ocular drug delivery is to circumvent these structural obstacles and 

protective mechanisms and to obtain desired pharmacological response [71].  

2.3 Drug delivery to the skin 

Skin is the largest organ of the body. The stratum corneum which is the outermost layer 

of the skin particularly determines its barrier function by protecting the body from 

intrusion of toxins and also drugs released from topically applied formulations [90, 91]. 

However, the barrier properties of skin are expected to compromise during burns, wounds 

and ulcers. Therefore, technologies that are developed to overcome the barrier function of 

skin and effectively deliver drugs transdermally will be of little relevance to the proposed 

thesis project.   

 

Topical wound healing agents include liquid and semi-solid formulations as well as dry 

dressings. Topical formulations are prepared as liquids (solutions, suspensions and 

emulsions) and semi-solids (ointments, pastes and creams). Antimicrobial agents such as 

silver, povidone-iodine [92], and polyhexamethylene biguanide [93] are sometimes 

incorporated into dressings to control or prevent infection [94]. Physiological saline 

solution has also been used traditionally for cleansing of wound and dead tissue removal 

[95, 96]. Liquid dosage forms have a short wound contact time, and are not particularly 

useful when there is a measurable degree of exuding wound fluid. Semi-solid 

preparations have been used to increase wound residence time. However, they are not 

very effective for highly exuding wounds as they rapidly absorb fluid, become mobile 
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and lose their rheological characteristics [94]. Skin wound dressings mainly include 

cotton, lint, wool, gauzes and bandages. Unlike the topical formulations, these dressings 

are dry and do not provide a moist wound environment. They may be used as primary or 

secondary dressings, or form part of a composite of several dressings [94]. 

 

Wound dressings recently developed represent an improvement over traditional wound 

healing agents that essentially retain and create a moist environment around the wound to 

facilitate wound healing. Modern dressings are classified according to the materials from 

which they are produced including hydrocolloids, alginates and hydrogels that generally 

occur in the form of gels, thin films or foam sheets [94]. Hydrocolloid dressings are used 

for light to moderately exuding wounds such as pressure sores, minor burns, abrasions, 

lacerations, post-operative wounds and traumatic injuries. Because of their occlusive 

outer cover, hydrocolloid dressings prevent water vapor exchange between the wound 

and are not suitable for infected wounds that require a certain amount of oxygen to heal 

rapidly [95, 97]. Alginate dressings are useful for medium to heavily exuding wounds. 

Because they are so absorptive, alginate dressings cannot be used for dry wounds or those 

covered with hard necrotic tissue as they dehydrate the wound and delay healing [94]. 

Foam dressings are porous making them suitable for partial and full thickness wounds, as 

well as for wounds with moderate to heavy exudates. Foam dressings are not suitable for 

dry epithelializing wounds as they rely on exudates to achieve an optimum wound 

healing environment [98]. Hydrogel wound dressings will be elaborated in the 

forthcoming sections.  
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An ideal wound dressing for the skin should be easily applicable and removable, protect 

the wound from bacterial contamination, provide a moist environment around the wound, 

provide effective oxygen circulation to aid regenerating cells and tissues and provide a 

sustained release of drug that will help accelerate wound healing.  

2.4 Controlled drug delivery 

The advantages of controlled drug delivery are reduction in dosage frequency, 

predictable, and reproducible drug release rates for extended periods, uniform 

pharmacological response, reduction in GI irritation, and other dose and drug related side 

effects and increased patient compliance [99]. Controlled delivery dressings can provide 

an excellent means of delivering drugs to wound sites in a consistent and sustained 

fashion over long periods of time without the need for frequent dressing change. 

Synthetic, semi-synthetic and naturally derived polymeric dressings are potentially useful 

in the treatment of wounds. They result in increased local concentration of drugs while 

avoiding high systemic doses [100] thus reducing patient exposure to an excess of drug 

beyond that required at the wound site [101]. The ideal drug delivery system should be 

inert, biocompatible, mechanically strong, comfortable for the patient, capable of 

achieving high drug loading, safe from accidental release, simple to administer and 

remove and easy to fabricate.  

 

 



14 
 

2.5 Hydrogels for controlled topical drug delivery 

2.5.1 Hydrogels 

Hydrogels are polymeric networks with a three-dimensional configuration capable of 

imbibing large amounts of water or biological fluids without dissolving [102, 103]. The 

affinity to absorb water results from presence of hydrophilic groups such as –OH–, -

CONH–, –CONH2–, and –SO3H in the polymers used for the preparation of hydrogels 

[104]. A hydrophilic polymer is hydrated to a greater extent (up to 95 %) than a 

hydrophobic polymer (< 5-10 %) depending on the nature of the aqueous environment 

and polymer composition [105]. The hydrogels resemble living tissues more so than any 

other class of synthetic biomaterials, which is due to their high water content, soft and 

robbery consistency and low interfacial tension with water or biological fluids [106]. As a 

result of these favorable properties, hydrogels are increasingly being used as scaffolds in 

tissue engineering [107] and drug delivery systems for various biomedical [108] and 

pharmaceutical [31, 109-111] applications. 

 

Hydrogels can be comprised of (i) natural polymers such as chitosan, dextran, agarose, 

alginate and cellulose derivatives, (ii) synthetic polymers and copolymers such as PEG, 

derivatives of PEG, hydroxyethyl methacrylate (HEMA) and poly(glutamic acid) and (iii) 

combinations of natural and synthetic polymers such as collagen acrylate, alginate 

acrylate and  P(PEG-co-peptides) [112]. Hydrogels made from natural polymers may not 

provide sufficient mechanical strength that is important to maintain their physical 

integrity in vivo and to prevent burst drug release. Natural polymeric hydrogels may also 

contain pathogens that evoke immune/inflammatory responses. However, they are 
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biodegradable and have biologically recognizable moieties that support cellular activities. 

Synthetic hydrogels, do not possess these inherent bioactive properties, but usually have 

well-defined structures that can be modified to yield tailorable degradability and 

functionality [113]. The crosslinks in the hydrogels are physical (entanglements or 

crystallites) or chemical (tie-points and junctions) [103, 114-118]. These crosslinks are 

formed by covalent bonds, hydrogen binding, van der Waals interactions, or physical 

entanglements [119, 120].  

2.5.2  Classification of hydrogels 

Preparation of hydrogels is mainly by physical [121, 122] and chemical crosslinking 

[123, 124]. Physical crosslinking of polymer chains can be achieved using a variety of 

environmental triggers such as pH, temperature, ionic strength and a variety of 

physicochemical interactions such as hydrophobic interactions, charge condensation, 

hydrogen bonding, stereo complexation or supramolecular chemistry [125]. The 

disadvantage with physical crosslinking is that the crosslinking network may be 

deformed or damaged at applied stresses lower than those required to disrupt covalent 

crosslinks [126]. The strength of a physically crosslinked hydrogel is directly related to 

the chemical properties of the constituent gelators and hence it is difficult to decouple 

variables such as gelation time, degradation time, pore size and chemical 

functionalization which restricts the design flexibility of these hydrogels [125]. Chemical 

crosslinking is achieved by using a crosslinking agent, which can condense with the 

reactive side or terminal groups of the polymer chain. A desired crosslinking ratio may be 

achieved by suitably varying the amount of polymer and crosslinking agent used in the 
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reaction, and the chemical reactions do not involve elaborate procedures or equipment 

[127].  

 

Hydrogels can further be classified as preformed  [128, 129] or in situ forming [130-132] 

based on their physical state at the time of their application. Preformed hydrogels are 

simple viscous solutions [128] or hydrogel films [129], which gel outside the site of 

application and do not undergo any modification after administration. In situ forming 

hydrogels are liquids upon instillation and undergo a phase transition to form a 

viscoelastic gel in response to environmental changes like temperature [130, 132], pH 

[133], and electrolyte composition [134]. In situ forming hydrogels are attractive as drug 

delivery systems because of facile dosing as a liquid, which insures rapid and complete 

coverage at the site of action. They also allow for accurate and reproducible quantities to 

be administered in contrast to pre-gelled formulations [77]. Also in situ forming drug 

delivery systems are widely accepted, since they serve as a depot for the sustained release 

of the entrapped compound without invasive surgical placement [135]. However, in situ 

hydrogels are often unstable and reversible. One of the drawbacks of in situ gelation is 

the high risk of a significant burst effect due to the lag time for gelation [136]. The burst 

effect is dependent to some extent on the nature of the drug incorporated in the hydrogel 

with hydrophilic drugs exhibiting a greater burst effect than hydrophobic drugs [136]. 

2.5.3 Characterization of hydrogels 

2.5.3.1 Mechanism of drug release 
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The fundamental goal of sustained drug delivery systems is to achieve a constant release 

rate over a prolonged period of time. Various factors controlling the rate of drug release 

from hydrogels include method of preparation of the hydrogel, molecular weight of the 

polymer and crosslinking density. Additionally, size of the drug molecule, drug 

solubility, drug loading, and the type and strength of the interactions between the 

crosslinker and polymer chains that form the hydrogel network are important in 

controlling drug release [108, 137]. 

 

Understanding the mechanisms and identifying the key parameters that govern drug 

release from hydrogels represents the first step towards predicting the release profile. 

Drug release from a delivery system encompasses both dissolution of drug in the release 

medium and diffusion of drug from the polymer matrix. It may occur by diffusion, 

chemical reaction or solvent activation [31]. Drug diffusion within highly swollen 

hydrogels is best described by Fick's law of diffusion or Stefan–Maxwell equations [138]. 

Diffusion controlled hydrogel delivery systems can be either reservoir or matrix systems 

[139]. In both systems the drug migrates from its initial position in the polymer system to 

the outer surface prior to being released [136]. 

 

 For a reservoir system where the drug depot is surrounded by a polymeric hydrogel 

membrane, Fick's first law of diffusion can be used to describe drug release through the 

membrane: 

 
dx

dCDJ A
A −=      (1)                                  
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For a matrix system where the drug is uniformly dispersed throughout the matrix, 

unsteady state drug diffusion in a one-dimensional slab-shaped matrix can be described 

using Fick's second law of diffusion: 

2

2

dx
CdD

dt
dC AA =     (2)                       

      

Where, JA is the flux of drug A, D is the drug diffusion coefficient, CA is drug 

concentration and x is the time. For computational simplicity, Fick’s law of diffusion as 

described above are based on the assumption that the diffusion coefficient (D) is 

independent of concentration and that diffusion occurs in one dimension. 

 

Hydrogels are regarded as swelling controlled systems, since the absorption of water 

from the environment changes the dimension and physical properties of the system and 

drug release [31]. Thus, drug release is typically Non-Fickian occurring via a 

combination of convective transport and diffusion, depending on the state of the 

hydrogel. Drug release from hydrogels in the equilibrium swollen state follows Fick’s 

second law of diffusion. However, in hydrogels that contain different phases in various 

degrees of hydration (glass core surrounded by a swollen phase), drug release occurs via 

a combination of Fickian diffusion and convective transport [136]. 

 

The relative importance of diffusion and polymer relaxation on the mechanism of drug 

release can be determined by fitting the experimental data to the Ritger-Peppas equation 

[140] and determining the exponent n. Equation 3 can only be applied to the first 60 % of 

the total amount of drug released. 
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nt kt
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M

=
∞

    (3) 

     

Where, k is a structural/geometric constant for a particular system and n is designated as 

release exponent representing the release mechanism. 

 

Drug release from the hydrogel can be classified into four types based on the relative 

rates of diffusion and polymer relaxation [31, 136]. 

Case I (Fickian diffusion), which occurs when the rate of diffusion is significantly less 

than that of polymer relaxation (n = 0.5). 

Case II (Relaxation controlled transport), which occurs when diffusion is rapid 

compared with the polymer relaxation process (n = 1). 

Non-Fickian (Anomalous diffusion), which occurs when the diffusion and polymer 

relaxation rates are comparable (0.5 < n < 1).  

Super Case II transport, which occurs when the polymer undergoes relaxation as the 

hydrogel swells (n > 1). 

 

The drug release mechanism from a hydrogel mainly depends on the method of hydrogel 

formation, type of polymer, concentration of polymer, concentration of crosslinker, 

crosslinking density, pore size, solubility of the drug in the release medium, and 

molecular size and weight of the drug. By modifying the above factors, drug release from 

a hydrogel can be tailored as required.  

2.5.3.2 Degree of swelling 
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The equilibrium degree of swelling of the hydrogel directly influences the rate of water 

sorption, the permeability to drugs and the mechanical strength of the hydrogel. There is 

a direct relationship between hydrogel swelling and solute permeability. Specifically, as 

the hydrogel swelling is reduced, the mobility of solute becomes restricted due to a 

smaller average pore size of the hydrogel network. Therefore, reducing the degree of 

swelling of the hydrogel by increasing the crosslinking of the network will reduce the 

molecular weight cut off for the hydrogel. This effect has been exploited in an attempt to 

control drug release from hydrogels. 

 

The crosslinking ratio and the chemical structure of the polymer control the degree of 

swelling of the hydrogel [31]. Tighter hydrogels with a lower degree of swelling are 

produced by increasing the crosslinking ratio [141]. Modifying the hydrophilic or 

hydrophobic nature of the polymer also affects the degree of swelling of the hydrogel 

with hydrophilic groups resulting in greater swelling [142]. 

2.5.3.3 Rheology 

The mechanical strength and viscoelastic properties of the hydrogels can be investigated 

using rheological measurements to assess their retention behavior and physical integrity 

in vivo [143, 144]. Analysis of the rheological behavior of hydrogels can be used to study 

the effects of the type of polymer and crosslinker, concentration of polymer and 

crosslinker as well as crosslinking density on the viscoelastic properties of hydrogels as 

determined by strain sweep test and frequency sweep test. The strain sweep test allows 

for the determination of linear viscoelastic (LVE) regime of the hydrogel and can be used 
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to determine the subsequent choice of strain value to be used in the frequency sweep test. 

The frequency sweep test provides a ‘fingerprint’ of a viscoelastic system under non 

destructive conditions [145, 146]. Both the strain sweep test and frequency sweep test are 

used to obtain rheological parameters such as the storage/elastic modulus (G’), 

loss/viscous modulus (G’’) and loss tangent/phase angle (tanδ = G’’/G’). G’ represents 

the elastic storage of energy and is a measure of the well structuredness of the hydrogel. 

G’’ represents the viscous energy dissipation and changes depending on the viscosity of 

the hydrogel. In the presence of a gel structure, G’ and G’’ are independent of frequency 

and tanδ is small.  For concentrated solutions, G’ and G’’ are dependent on frequency and 

the tanδ is variable [147]. 

2.5.4 Optimization of in situ forming hydrogels 

Successful optimization of in situ hydrogels includes several factors. The concentration 

of the polymers and crosslinkers used to prepare the hydrogel influences both the 

diffusion based drug release kinetics and the degradation time of the hydrogel. However, 

the concentration of polymers or their functionalized derivatives is often limited by the 

aqueous solubility of the gel precursors or the resulting high viscosity of the solutions, 

although the concentration can be increased when lower molecular weight gel precursors 

are used. The rate of in situ crosslinking is determined by the underlying chemical 

kinetics of the crosslinking reaction, the ease of diffusion of the polymer precursors 

through the partially viscous pre-gel solution, and the concentration of polymers and 

crosslinkers used to prepare the hydrogel. The crosslinking density in the hydrogels can 

be controlled by the amount of polymer and crosslinker added and/or the density of 
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reactive functional groups on the polymers. Higher crosslinking densities result in 

hydrogels with smaller pore sizes, thereby reducing the release rate of entrapped drugs. 

Also higher crosslinking densities can increase the mechanical strength of the hydrogel. 

However, the high degree of chemical modification required to form hydrogels with high 

crosslink densities can significantly alter the physical properties of the base hydrogel, 

particularly in terms of the drug–hydrogel affinity. Thus, trade-offs must be made in the 

hydrogel design according to the targeted application of the hydrogel. 

2.5.5 Hydrogels as wound dressings 

2.5.5.1 Skin 

The advantages of hydrogels compared to other wound dressings for skin are fluid 

absorption, hydration of the wound bed, cooling of the wound surface which may lead to 

a marked reduction in pain and therefore high patient acceptability. Hydrogels are 

permeable to water vapor and oxygen, but do not leak liquid water [148]. Depending on 

the state of hydration of the tissue, the hydrogel can absorb or donate water to the wound 

environment [149]. Hydrogels leave no residue, are malleable and improve 

reepithelization of wounds. Amorphous hydrogels have been demonstrated to be useful in 

treating sloughy and necrotic wounds [150-153]. Also, hydrogels are transparent or 

semitransparent, permitting some visual observation of the wound without removing the 

dressing [154]. 

 

The maintenance of a moist wound bed is widely accepted as the most ideal environment 

for effective wound healing [155]. This is due to the fact that renewed skin, instead of 
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eschar (dry scab or slough), forms during healing in a wet environment [156-158]. Also, 

in the absence of adequate hydration, the wound bed undergoes necrosis which can lead 

to a destructive cycle. Various enzymes involved in autolytic debridement function only 

in moist environment including the peptide growth factors and other molecules that 

mediate cellular repair [32, 159]. Depending on the composition of the hydrogel and the 

level of hydration of the wound to which it is applied to, the nature of the hydrogel 

enhances autolytic debridement [160, 161].  

 

Countless clinical studies attest to the benefits of moist wound healing [162] and 

demonstrate that hydrogel dressings lead to faster healing, reduced pain and cost savings 

when compared to saline wet-to-dry dressings [32, 163]. Debridement of the wound 

surface was shorter in the hydrogel group and cost-effectiveness analysis showed that the 

higher cost of the hydrogel dressing was justified by its healing advantage [164]. The 

ability of hydrogel dressings to hydrate the wound surface and resist drying made them 

excellent replacements for saline moistened gauze [32]. Hydrogel dressings have a 

cooling influence on the wound that engenders an analgesic effect due to their high water 

content. Reduced wound pain has been noted when hydrogel dressings are used in burns, 

venous ulcers, dermabrasion wounds and in lactating women with deepithelized nipples 

and areolae [165]. The hydrogel covers the exposed nerve endings, reducing the pain and 

thus resulting in a moist wound healing environment [166]. 
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2.5.5.2 Eye 

In the eye, hydrogels act by providing viscosity, increased oncotic pressure, and possibly 

some ill-defined demulcent action [167]. A few reports have indicated that hydrogels 

containing hydroxy propyl methyl cellulose (HPMC) [167], methyl cellulose [167, 168], 

and carboxymethyl cellulose [169] enhance healing of wounds in the cornea. It was 

hypothesized that the prolonged effect on reepithelization is due to continuous low levels 

of epithelial growth factor (EGF) receptor stimulation resulting in accelerated wound 

healing when the above mentioned hydrogels were used [167]. Pratoomsoot et al, 

investigated the suitability of a PLGA-PEG-PLGA hydrogel as a potential bandage for 

corneal wound repair and their studies suggest that hydrogels could be employed for 

treatment of conditions arising from superficial chemical or thermal corneal burns [170].  

2.5.5.3 Poly(ethylene glycol) (PEG) containing hydrogels 

The term PEG is often used to refer to polymer chains with molecular weights below 

20000 Da, while polyethylene oxide (PEO) refers to higher molecular weight polymers. 

PEG hydrogels contain PEG units which make it water soluble, non toxic, biocompatible 

and non-immunogenic [171]. PEG exhibits rapid clearance from the body, (depending on 

the size of PEG and route of administration) and has been approved for a wide range of 

biomedical applications. Because of these favorable properties, PEG is FDA approved 

and hydrogels prepared from PEG are excellent candidates as biomaterials. PEG-

modified surfaces are protein rejecting thus inhibiting non-specific protein adsorption on 

the surface of the biomaterial. As a result, they display reduced immunogenicity and 

antigenicity [170]. Hydrogels containing PEG are most widely used for their 
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hydrophilicity, strength, easy processability, high stability to temperatures and pH, 

minimum cell adhesion and protein absorption [33, 34]. PEG may transfer its properties 

to another molecule when it is covalently bound to that molecule resulting in toxic 

molecules becoming non-toxic or hydrophobic molecules becoming soluble when 

coupled to PEG [137, 172, 173]. 

 

PEG hydrogels have been used in drug delivery, wound healing, and a variety of other 

biomedical applications [172, 174]. These hydrogels are often used in combination with 

other polymers to produce an appropriate biomaterial [137]. PEG has formed a basis for 

some commercial products including Vigilon™, which is formed by radiation 

crosslinking of high molecular weight PEO chains. This product is used as a sheet wound 

covering material [137, 175]. Hypol™, a crosslinked PEG foam is used for wound 

healing and drug delivery materials [176]. PEG hydrogels have been used as controlled 

release devices [137, 177, 178] and the rate of drug release was found to be dependent 

not only on the method of preparation, but also on the crosslinking density, molecular 

weight of the PEG/PEO chains, and drug solubility. 

2.6  Summary 

PEG hydrogels are valuable topical drug delivery systems to eyes and skin as they are 

easy to apply and capable of sustained drug release for prolonged periods, while 

increasing delivery at the site of application. PEG hydrogel delivery systems 

incorporating doxycycline can potentially intervene the hazardous effects of SM injuries 

by inhibiting MMP-9 and other inflammatory mediators. 
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3 SPECIFIC AIMS 

Sulfur mustard is a potent vesicant and chemical warfare agent that mainly affects the 

eyes, lungs and skin. Currently there are no effective drugs or delivery systems to treat 

SM wounds. Doxycycline acts by inhibiting inflammatory cytokines and MMP-9, which 

quantitatively increase over time in response to SM exposure. Drugs delivered orally 

have limited bioavailability in the eyes/skin because typical systemic concentrations are 

low and diffusion into the eyes/skin from the systemic circulation is slow. However, 

when higher doses are administered orally, systemic toxicity may result. Therefore, 

therapy involving local drug administration limits systemic toxicity while increasing the 

drug concentration at the site of injury. The overall hypothesis of the proposed research is 

that a topical doxycycline delivery system, which can be easily applied and removed, is 

beneficial for the treatment of SM wounds. Such a delivery system can provide sustained 

doxycycline release and accelerate wound healing by inhibiting both MMP-9 and 

inflammatory mediators. The proposed strategy utilizes a fast forming hydrogel drug 

delivery system to deliver controlled amounts of doxycycline at the wounded site for at 

least one week.  

The specific aims of this dissertation are as follows: 

1. To investigate the potential of PEG hydrogels for sustained delivery of a model 

drug, pilocarpine.  

Hypothesis: Pilocarpine release from the hydrogel is sustained for at least 1 week 

and results in improved pharmacological response (i.e., pupillary constriction) in 

rabbit eyes compared to a solution delivery system. 
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2. To evaluate dermal wound progression after nitrogen mustard (NM) exposure in a 

mouse model and to investigate the barrier properties of skin after vesicant 

exposure by using different markers of permeability.  

Hypothesis: The NM-induced  wound progresses in a dose- and time- dependent 

manner and the permeability of molecular markers increase through NM-exposed 

skin. 

3. To design, characterize and evaluate doxycycline hydrogels for wound healing 

efficacy in a vesicant-exposed rabbit cornea organ culture model system. 

Hypothesis: Doxycycline hydrogels demonstrate a significant improvement in 

wound healing as compared to similar dose of doxycycline in solution. 

4. To design and develop doxycycline hydrogel dressings with reversible crosslinks 

for dermal wound healing of mustard injuries. 

Hypothesis: Doxycycline hydrogels show improved healing of NM dermal 

wounds compared to untreated wounds or wounds treated with placebo hydrogels.  
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4 DESIGN AND EVALUATION OF NOVEL FAST FORMING 
PILOCARPINE LOADED OCULAR HYDROGELS FOR SUSTAINED 
PHARMACOLOGICAL RESPONSE 

4.1 Introduction 

Controlled drug delivery to the eye remains a challenging task due to normal ocular 

protective mechanisms such as blinking and tear drainage that promote rapid clearance 

and reduced bioavailability resulting in a short duration of pharmacological response 

[179]. The residence time of most conventional ocular solutions ranges between 5-25 

minutes [78, 79]. Only 1-10 % of topically applied drug is absorbed [80], which also 

includes absorption from the gastrointestinal tract due to drainage through the nasal-

lacrimal duct [81]. As a result, a frequent dosing regimen is typically necessary to 

achieve therapeutic efficacy [82]. However, frequent instillation of eye drops results in 

local side effects such as headaches due to ciliary muscle spasm, decreased vision in poor 

illumination due to miosis, and accommodative myopia [83]. Ocular delivery systems 

with prolonged ocular residence time such as ointments and suspensions have been 

developed to overcome these challenges and increase ocular drug bioavailability [84, 85]. 

There are, however, several limitations that reduce patient compliance. For example, 

ointments are greasy and produce blurred vision [86, 87]. Similarly, non-erodible inserts 

such as Ocusert also have limitations. These are due, in part, to the fact that most 

glaucoma patients are geriatric and find weekly insertion and removal of Ocusert 

difficult. Furthermore, when pilocarpine is administered continuously, tachyphylaxis 

occurs, further diminishing the potential of this technology. Other limitations are 

difficulty with retention, unnoticed loss of the unit from the eye and rupture of its 

membrane causing excessive bolus drug release [88, 89]. Ocusert, however, is still 
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considered a technical breakthrough, even though it has achieved only limited success in 

the market due to these limitations [180].  

Current research efforts are focused towards the design and evaluation of ocular delivery 

systems that are easy to administer, require decreased administration frequency, and 

provide controlled and possibly sustained drug release in order to increase therapeutic 

efficacy and patient compliance. Hydrogels are a crosslinked network of hydrophilic 

polymers that have the ability to absorb large amounts of water and swell, while 

maintaining their three-dimensional structure. Molecules of different sizes can diffuse 

into and out of the hydrogel network, which allows their possible use as a drug-depot for 

controlled release applications. Hydrogels show minimum tendency to adsorb protein 

from body fluids due to their low interfacial tension. They closely resemble living tissue 

due to their high water content, and soft/rubbery characteristics. As a result of these 

favorable properties, hydrogels are increasingly being used as scaffolds in tissue 

engineering [107] and drug delivery systems in various biomedical [108] and 

pharmaceutical [31, 109-111] applications. As ocular drug delivery systems, hydrogels 

are expected to provide prolonged corneal contact time, reduced precorneal drug loss, and 

convenience in administration as compared to eye drops, suspensions or ointments. The 

viscoelastic properties of hydrogels should allow for sufficient mechanical strength to 

resist clearance due to blinking resulting in prolonged ocular residence time.  

Hydrogels can be preformed [128, 129] or prepared in situ [130-132]. Preformed 

hydrogels are simple viscous solutions [128] or hydrogel films [129], which gel outside 

of the eye and do not undergo any modification after administration. Viscous solutions do 
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not have the mechanical strength to resist ocular clearance mechanisms and only offer a 

transient improvement in ocular residence time. In situ forming hydrogels are liquids 

upon instillation and undergo a phase transition to form a viscoelastic gel in response to 

environmental changes like temperature [130, 132], pH [133] and electrolyte composition 

[134]. In situ forming hydrogels are attractive as ocular drug delivery systems because of 

facile dosing as a liquid, which insures rapid and complete ocular coverage. They also 

allow for accurate and reproducible quantities to be administered to the eye in contrast to 

pre-gelled formulations. The above-mentioned in situ hydrogels are often unstable and 

reversible. The currently examined hydrogels are produced in situ at physiological pH by 

covalent intermolecular crosslinking of polymer chains through irreversible thioether 

bonds resulting in stable viscoelastic hydrogels.  

Pilocarpine has been widely used topically in the eye for controlling elevated intraocular 

pressure associated with glaucoma [181, 182]. When administered as a solution, it has 

good water solubility but suffers from low ocular bioavailability of 0.1- 3 % [78, 183] 

due to its low lipophilicity and the short residence time of aqueous solutions in the eye. In 

the present work, pilocarpine-loaded hydrogels were prepared at physiological pH by the 

intermolecular crosslinking of a thiol-containing copolymer with the bifunctional 

crosslinker, HBVS (1, 6-hexane-bis-vinylsulfone). The hydrogels were prepared using 

different copolymer/crosslinker concentrations and pH to optimize hydrogel formation, 

drug loading, and release properties. It was further evaluated in rabbits for controlled 

ocular delivery of pilocarpine and pupillary constriction.  
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4.2 Materials and methods 

4.2.1 Materials 

Polyoxyethylene bis(amine) [PEO, MW ~3350 Da], pilocarpine hydrochloride (hereafter 

referred to as pilocarpine), Ellman's reagent [5,5'-dithiobis(2-nitrobenzoic acid)], 

mercaptosuccinic acid, trityl chloride, 4-dimethylaminopyridine, p-toluenesulfonic acid 

monohydrate, trifluoroacetic acid, and triisopropyl silane were obtained from Sigma-

Aldrich (St. Louis, MO). N, N-dimethylformamide, dichloromethane, diethyl ether, 

acetonitrile and HPLC grade solvents were obtained from Fisher Scientific (Pittsburgh, 

PA). HBVS was obtained from Pierce (Rockford, IL). The Spectra/Por RC 7 dialysis 

membrane (MWCO: 50,000 Da) was obtained from Spectrum Laboratories Inc (Rancho 

Dominguez, CA). Gel permeation chromatography (GPC) was carried on a Waters 

Breeze GPC system (Milford, MA) equipped with dual-absorbance UV and refractive 

index detectors using an Ultrahydrogel 1000 size-exclusion column (7.8 x 300 mm). 

PEO/PEG molecular weight standards kit was obtained from Polymer Standards Service-

USA Inc. (Warwick, RI). A DSC Q100 (TA Instruments, New Castle, DE) was used for 

DSC. The optical transmission (OT) of the hydrogel was determined using a UV 1201 

UV-Vis spectrophotometer (Shimadzu, Columbia, MD). Rheological data were obtained 

on a SR-2000 rheometer from Rheometric Scientific Inc (Piscataway, NJ) and analyzed 

by RSI orchestrator software. TEM studies were carried out on a Philips CM12 

transmission electron microscope at 100Kv using an AMT digital camera. Waters HPLC 

system equipped with a UV detector and reverse phase (RP) C18 column (Waters, 

Novapak, 3.9 x 150 mm) was used to analyze pilocarpine concentration.  
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4.2.2 Copolymer synthesis and characterization 

The copolymer was synthesized using a solution polymerization technique as previously 

reported by our group [184]. PEO-bis-amine (1 g, 0.298 mM) was dissolved in anhydrous 

dichloromethane (20.0 mL). S-tritylmercaptosuccinic acid (1 equiv., 116.9 mg), 4-

dimethylaminopyridine (1 equiv., 36.4 mg), and p-toluenesulfonic acid monohydrate (1 

equiv., 56.6 mg) were added to the solution under anhydrous conditions. The solution 

was cooled to 0o C and 1, 3-diisopropyl carbodiimide (4 equiv., 184 μL) was added. The 

reaction mixture was then stirred at RT for 24 h. Crude copolymer was obtained by 

precipitation from cold ether (4 x 25 mL) and subsequent drying. Dialysis was performed 

to remove low molecular weight impurities. The copolymer was dissolved in water 

(~50.0 mL), transferred to a dialysis membrane and suspended in stirring water (2.0 L). 

Dialysis was performed for 24 h. After dialysis, the copolymer solution was transferred to 

polypropylene tubes and freeze-dried (Yield. 835 mg). Copolymer was finally treated 

with acid to remove the trityl groups. Copolymer (800 mg) was suspended into the 

trifluoroacetic acid solution (10.0 mL) containing 5 % each of triisopropyl silane and 

water. The reaction mixture was placed on a shaker for 5 h and free thiol-containing 

copolymer was obtained after precipitation from cold ether. The copolymer was obtained 

as white flakes after vacuum drying for 1-2 h (Yield. 510 mg).  

The weight-average (Mw) and number-average molecular weight (Mn) and 

polydispersity index of the copolymer were estimated by GPC. Polymer standards (50μL, 

2mg/mL) with molecular weight (Mw) of 1490, 4270, 6950, 12400, 20100, 41300 and 

70400 respectively were injected to generate a calibration curve. Finally, an aqueous 

solution of copolymer was injected and molecular weights were estimated by using the 
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GPC software. To measure glass transition temperature (Tg) by DSC, copolymer samples 

were weighed into aluminum pans that were sealed and perforated. The samples were 

heated from 0-200 °C under a nitrogen atmosphere, cooled to -50 °C, and re-heated to 

200 °C at a sweep rate of 10 °C/min. Tg was determined by Universal Analysis software 

from the first heating cycle and Tm was determined from the average of the melting 

points calculated from the first and second heating and the cooling cycles.  

4.2.3 Hydrogel formation 

Hydrogels were prepared by mixing the copolymer and crosslinker solutions in sodium 

phosphate buffer (20 mM, pH = 7.4) at RT. Hydrogels were prepared from 3, 4, 5 and 6 

% w/v copolymer solutions using copolymer to crosslinker stoichiometries of 1:1 or 1:2. 

Pilocarpine (2 %, w/v) was mixed with the copolymer solution prior to mixing of 

copolymer and crosslinker solutions. Hydrogel formation was determined by the 

“inverted tube method” and hydrogels were considered to have formed once the solution 

ceased to flow from the inverted tube. Hydrogels used for optical transmission, degree of 

swelling, drug loading and in vitro release studies were 300 μL in volume, 10 mm in 

diameter, and 0.3 mm in thickness. 

4.2.4 Physicochemical characteristics of the hydrogel 

4.2.4.1 pH titrations 

4 % w/v hydrogels as described above were prepared in aqueous sodium phosphate 

buffer solutions (20 mM) with pH values of 6.5, 6.9, 7.4 and 7.9 to investigate the 

influence of pH on hydrogel formation.  
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4.2.4.2 OT 

Hydrogels (300 μL) were placed in a quartz cuvette containing distilled water and 

transmission of light was measured at 480 nm [185]. Cuvette containing only distilled 

water was used as reference. Eight hydrogels were used for the OT measurements. All 

OT studies were done in triplicate and the mean ± standard error (SEM) is reported. The 

statistical significance between groups was measured using student’s t-test. 

4.2.4.3 Rheological studies 

Rheological measurements were performed using a rheometer with a cone plate geometry 

at 37 °C (plate diameter: 25 mm, gap: 3 mm, 2o angle) [143, 144]. Hydrogels were 

prepared from 3 and 5 % w/v copolymer solutions using a copolymer to crosslinker 

stoichiometry of 1:1. The hydrogel samples were equilibrated on the plate for 5 min to 

reach the running temperature before each measurement. Rheological test parameters, 

storage/elasticity (G’) and loss (G’’) moduli were obtained under dynamic conditions of 

non-destructive oscillatory tests. All rheological studies were performed in triplicate and 

the mean ± SEM is reported.                                                                 

Dynamic strain sweep test: Experiment was performed at a constant frequency of 1 Hz 

with percent strain ranging from 10-1 to 103.  

Dynamic frequency sweep test: Experiment was carried out at a constant strain of 1 % 

(linear viscoeleastic region) with frequency ranging from 10-1 to 101 Hz. 

4.2.4.4 Transmission Electron Microscopy (TEM) 
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Hydrogel samples (3 and 5 % w/v, 1:1 stoichiometry) were prepared by placing the 

solution on a 400 mesh copper grid coated with carbon mica [186]. The excess hydrogel 

was removed after 1 min. The grids were stained negatively with 1 % phosphotungstic 

acid solution (PTA) and electroscoped.  

4.2.4.5 Degree of swelling 

The effect of the copolymer concentration (3, 4, & 6 %, w/v) and copolymer to 

crosslinker ratios (1:1 and 1:2) on the degree of hydrogel swelling were evaluated. 

Hydrogels were placed in a vial and weighed to obtain the initial weight. They were next 

immersed in simulated tear fluid (4.0 mL) and placed in a shaking incubator (37 oC, 60 

rpm). The tear fluid was prepared by dissolving sodium chloride (0.67 %, w/v), sodium 

bicarbonate (0.2 % w/v) and calcium chloride dihydrate (0.008 % w/v) in water and pH 

adjusted to 7.4 [130]. The tear fluid was removed at predetermined time intervals and the 

weights of vial with swollen hydrogels were recorded. The simulated tear fluid was 

replaced after every measurement and swelling experiments were continued until 

equilibrium hydration has been reached. The increase in the weight of the hydrogel in the 

vial was correlated to the tear fluid uptake by the hydrogel. All measurements were made 

in triplicate for each hydrogel and the mean ± SEM of the values is reported. 

4.2.5 In vitro release studies 

4.2.5.1 Drug loading efficiency 

The pilocarpine-loaded hydrogels containing 2 % w/v of pilocarpine were dissected into 

small pieces (300 μL) and suspended into the simulated tear fluid (4.0 mL). The 

suspension was sonicated for 30 min to completely extract pilocarpine from the hydrogel. 
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The amount of pilocarpine extracted was quantified by RP HPLC analysis. After 

extraction, the suspension containing the hydrogel was stored for several days at 37 oC 

and then re-analyzed to ensure the complete extraction of pilocarpine from the hydrogel. 

Pilocarpine was stable under the conditions used (37 oC), as determined by HPLC 

analysis. 

4.2.5.2 In vitro release 

The hydrogels (300 μL) loaded with 2 % w/v of pilocarpine were suspended in vials 

containing simulated tear fluid (4.0 mL). The vials containing the tear fluid were placed 

in a shaking incubator (37 °C, 60 rpm) during the duration of the study (8-days). Aliquots 

(200 μL) were collected from the vials at predetermined intervals and replaced with equal 

volume of tear fluid medium to maintain sink conditions through out the study. The 

concentration of pilocarpine in the release medium was determined using RP HPLC at a 

wavelength of 220 nm. Water containing 0.1 % trifluoroacetic acid (solvent A) and 100 

% acetonitrile (solvent B) were used as mobile phase. The retention time for pilocarpine 

was 15 min. The cumulative amount of pilocarpine released from the hydrogel was 

determined using a calibration curve. All release experiments were done in triplicate and 

the results are reported as mean ± SEM. 

4.2.6 In vivo studies 

Four female New Zealand albino rabbits weighing 3.5-4.0 kg (Charles River 

Laboratories, Wilmington, MA) were obtained and acclimatized for 3-days prior to use. 

They were fed a normal diet and exposed to alternating 12 h light and dark cycles. 

Animals were treated according to the Principles of Animal Care by National Institutes of 
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Health and animal protocol approved by the Rutgers University Institutional Animal Care 

and Use Committee.  

4.2.6.1 Eye irritation test 

Acute eye irritation/corrosion [187] and ocular irritation potential of the hydrogel or its 

components (copolymer and HBVS) was tested prior to the approval of the protocol by 

the Rutgers University Institutional Animal Care and Use Committee. The irritation test 

was performed according to the Organization for Economic Cooperation and 

Development (OECD/OCED) test guideline 405. Hydrogels (25 μl) were prepared from 4 

% w/v copolymer solutions (copolymer/crosslinker: 1:2) with no drug and placed in the 

conjunctival sac of one of the rabbit’s eye; the untreated eye served as control. The ocular 

irritation potential was evaluated for 21-days by scoring lesions of conjunctiva, cornea 

and iris at specific time intervals. Experiments were done in triplicate.  

4.2.6.2 In vivo efficacy 

All rabbits were acclimatized to laboratory testing conditions for 30 min before the study. 

The right and left pupil diameters were alternatively measured four times with in 30 min, 

using a standard pupillary diameter gauge held at a fixed distance from each rabbit to 

establish baseline values for both eyes. For each pair of readings, the differences in pupil 

diameter (control minus test eye) were determined. These predosing differences were 

averaged, and the mean was used to convert post administration data to the baseline-

corrected values. This process minimized both animal and day variation. 

Both the aqueous and hydrogel formulations were tested in each rabbit. A minimum of 1 

week elapsed between tests in the same rabbit. Hydrogel prepared from 4 % w/v 
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copolymer solutions using copolymer to crosslinker stoichiometry of 1:2 was chosen for 

this study. 25 μl of a hydrogel solution containing 2% pilocarpine was placed in the 

lower conjunctival sac of the right eye. To avoid experimental bias, the left eyes received 

25 μl of a hydrogel solution with no drug (control). The eyes were checked frequently 

and no inflammation was observed in any experiment. After one week, the above 

procedure was repeated using 2% pilocarpine solution in phosphate buffered saline (PBS, 

pH 7.4), hereafter referred to as drops. 25 μl of pilocarpine drops were placed in the 

lower conjunctival sac of the right eye and 25 μl of PBS with no drug was placed in the 

left eye of the rabbits and pupil diameter was measured. 

After administration of both the control vehicle and the pilocarpine containing copolymer 

solutions, the pupil diameters of both the eyes were measured at predetermined time 

intervals (0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 12 and 24 h). For each time point, the 

difference in pupil diameter (control minus test eye) was calculated and data was 

converted to a baseline-corrected value (i.e., the pharmacological response of 

pilocarpine) by subtracting the average baseline difference in pupil diameter for each 

experiment on the basis of the readings obtained before dosing. To assess the extent of 

total pharmacological response of the various formulations, areas under the decrease in 

pupil diameter vs. time profiles in 24 h (AUC0-24) were calculated using the GraphPad 

Prism 4 software. The mean ± SEM of four determinations is reported. Two way analysis 

of variance (ANOVA) was used to determine the overall statistical significance, while 

student’s t-test was used for individual comparison between groups. 
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4.3 Results and Discussion 

4.3.1 Copolymer synthesis and characterization 

The synthesis of the copolymer poly[poly(ethylene oxide)-alt-poly(mercaptosuccinic 

acid)] has been reported earlier by our group [184]. Briefly, a polycondensation reaction 

was carried out between polyoxyethylene bis(amine) 1 and S-tritylmercaptosuccinic acid 

2 to obtain copolymer 3 containing alternating units of poly(oxyethylene glycol) and S-

tritylmercaptosuccinic acid. The thiol-containing copolymer 4 was obtained after 

removing the trityl group with acid (Scheme 4.1). The copolymer was characterized by 

GPC and DSC analysis. The GPC profile of crude copolymer (Figure 4.1) showed the 

presence of a predominantly high molecular weight peak at 6.91 min (copolymer) along 

with peaks at 11.77 and 16.05 min, which correspond to low molecular weight impurities 

(monomeric PEG/other reagents). The relative proportion of copolymer in the crude 

reaction mixture was calculated as ≥50 % from AUC. Low molecular weight impurities 

were removed by dialysis (MWCO = 50,000). The Mw and Mn for purified copolymer 

were estimated as 64435 and 57289 Da, respectively and the polydispersity index of the 

copolymer was calculated as 1.15. The Tg of copolymer as measured by DSC, was found 

below -40 oC whereas the Tm was found as 45±1 oC. The extrapolated on set and end set 

of melting points were found to be 37±1 oC and 49±1 oC respectively. The entropy/heat 

of fusion (ΔH), which is defined as the heat required for melting the copolymer was 

calculated to be 110±5 J/g. The thiol contents of copolymer were estimated as 183 μM / 

1.2 x 10-5 mM by the Ellman’s assay.  
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The advantage of using this copolymer is that it contains PEG units, which are water 

soluble, non-toxic and biocompatible [188]. They have been widely used in various 

pharmaceutical products administered by parenteral, topical and oral routes [189, 190]. 

The advantage of using mercaptosuccinic acid is that it provides reactive thiol 

functionalities that can be utilized for intermolecular crosslinking of copolymer or to 

anchor drugs, targeting and/or signaling moieties on to the copolymer.  

4.3.2 Hydrogel studies 

A thiol-containing copolymer was crosslinked with the bifunctional crosslinker HBVS 

resulting in the formation of a hydrogel network through thioether bonds. The thiol 

groups are known to react with mutually reactive groups such as thiol, maleimide, and 

vinyl sulfone to form disulfide and thioether bonds [191]. The disulfide bonds are 

cleavable (reversible) under reducing conditions whereas the thioether bonds are highly 

stable (irreversible) in the biological environment.   

Different copolymer concentrations (w/v) and stoichiometric amounts of crosslinker (1:1) 

were used to prepare the hydrogels. It was observed that 2 % w/v copolymer solution did 

not form a hydrogel whereas 3, 4, 5 and 6 % copolymer solutions resulted into hydrogels 

in 4.0, 2.5, 2.0 and 1.8 min respectively. Copolymer solutions beyond 6 % w/v were too 

viscous and hence not investigated. When prepared using 1:2 stoichiometries, the 3-6 % 

hydrogels were formed in 3.0, 2.0, 1.4 and 1.2 min respectively. Thus, an increase in 

copolymer/crosslinker concentration decreased the time required for hydrogel formation 

by producing more rapid and intense crosslinking. Hydrogels were further characterized 

using TEM (Figure 4.2) [186]. The micrographs of hydrogels prepared from 3 and 5 % 
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copolymer solutions clearly showed that an increase in copolymer concentration leads to 

the formation of denser crosslinked polymer networks.    

4.3.2.1 Influence of pH on gelation 

The influence of buffer pH on hydrogel formation was evaluated and 4 % copolymer 

solution was found to form hydrogels in 5.2, 2.8, 2.5 and 1.0 min at pH 6.5, 6.9, 7.4 and 

7.9. The decrease in gelation time is due to enhanced thiol reactivity at elevated pH [192].    

4.3.2.2 OT 

Delivery systems for the eye should ideally be transparent. Optical Transmission (OT) is 

defined as the ratio of the amount of light passing through the hydrogel to the amount of 

light incident on it (expressed as percentage). Since human eyes are most responsive 

around 480 nm, the OT of hydrogels was measured at this wavelength [185]. Hydrogels 

with optical transmission ≥90 % are classified as transparent, ≤90 % but ≥10 % as 

translucent, and ≤10 % as opaque [185]. Figure 4.3 shows the percentage of copolymer 

(w/v) containing crosslinker in the ratio of 1:1 or 1:2 plotted vs. % OT. The groups that 

showed a statistically significant difference (p < 0.05 or p < 0.01) are indicated by * and 

**, respectively. All hydrogels used in the present study were either transparent (OT > 90 

%) or nearly transparent (OT > 78 %). An increase in copolymer concentration decreased 

the transparency of the hydrogel whereas an increase in crosslinker concentration has 

little influence. These results indicate that the optical properties of the hydrogels make 

them suitable as ocular drug delivery systems.    

4.3.2.3 Rheology 

 



42 
 

The mechanical strength and viscoelastic properties of the hydrogels were investigated 

using rheological measurements [143, 144] to assess their retention behavior and physical 

integrity in vivo. Viscoelastic properties were investigated because hydrogels with good 

mechanical strength are expected to maintain their integrity and help to prevent physical 

drug loss from blinking [147]. The strain sweep test (Figure 4.4A) was performed on 3 % 

and 5 % hydrogels in order to establish the regime of linear viscoelasticity (LVE) and to 

determine if the elasticity of the formulations differed, as expressed by the storage/elastic 

modulus (G’). The strain sweep test results suggest that G’ dominates in both the 

formulations and this is supported by the results obtained from the frequency sweep test 

(Figure 4.4B). Since G’ was one order of magnitude greater than G’’ (loss modulus), this 

suggests that the hydrogel system is more elastic than viscous in the investigated 

frequency range. This is in direct contrast to reversible gels, which have poor mechanical 

strength leading to reduced corneal residence time. Figures’s 4.4A and 4.4B also show 

that the G’ is independent of frequency and strain whereas the G’’ is weakly dependent 

on them. The hydrogels containing higher copolymer concentrations (5 %) showed a 

higher and constant storage modulus under increasing frequency, suggesting that the 

hydrogels have the ability to resist structural changes under strain. The loss tangent (tanδ) 

values calculated as G’’/ G’ indicate that the storage modulus is the dominant feature in 

all of the hydrogels, as a small tanδ indicates an elastic material. There is little variation 

in the tanδ values, and the curves are similar for the different hydrogels, which further 

supports the strain sweep test results suggesting that the variations in hydrogel 

formulations in the current study do not result in extreme variations in rheological 

parameters. The rheological data show that the hydrogels have good mechanical 
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properties, which might help prolong their ocular contact time. An increased contact time 

in turn may lead to an increased duration of pharmacological response.   

4.3.2.4 Swelling kinetics 

The swelling behavior of hydrogel influences its surface and mechanical properties as 

well as the drug release kinetics (solute diffusion coefficients). Also since hydrogels are 

swelling controlled systems, the degree of swelling is a measure of the crosslinking 

density in the hydrogel and is important for regulating the pore size of the hydrogel. The 

effect of copolymer concentration and the copolymer to crosslinker ratios on the degree 

of swelling was determined. The degree of swelling for each hydrogel was determined by 

using the equation below: 

100% x
W

Swelling
o

=
)( WW os −

   (1) 

Where Ws is the weight of the swollen hydrogel at time t and W0 is the initial weight. 

Figure 4.5 shows the degree of swelling expressed as percent swelling plotted against 

time for 3, 4 and 6 % hydrogels prepared using 1:1 and 1:2 copolymer/crosslinker ratios. 

Initially, the hydrogels swelled rapidly and then gradually reached the equilibrium. 

Compared to hydrophilic hydrogels reported in the literature [123, 124], a relatively 

lower degree of swelling (< 8 %) was observed in this case. Furthermore, the degree of 

swelling decreased with an increase in copolymer (3 - 6 %, w/v) and crosslinker (1: 

2) concentrations. Hydrogel swelling is caused by the presence of hydrophilic groups in 

the network, due to which polymer chains are hydrated to different degrees (sometimes, 

more than 90 % wt), depending on the nature of the aqueous environment and polymer 
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composition [112]. Although PEG is highly hydrophilic and is expected to swell 

significantly, the controlled degree of hydrogel swelling in the present case is due to the 

incorporation of the less hydrophilic mercaptosuccinic acid in the copolymer chain. 

Further, the decrease in hydrogel swelling with increasing crosslinker concentration is 

due to the smaller pore size and the fact that higher crosslinking reduces the exposure of 

copolymer chains to water [193, 194].  

4.3.3 In vitro pilocarpine loading and release 

Pilocarpine-loading efficiency results show that 3, 4, 5 and 6 % w/v hydrogels with 1:1 

stoichiometries entrapped 70.0, 72.5, 66.5, and 68.0 % of loaded pilocarpine. Similarly, 

the 3 – 6 % w/v hydrogels prepared using 1:2 stoichiometries resulted in pilocarpine 

loading efficiencies of 73.6, 72.9, 71.6, and 70.8 %. The hydrogels prepared using 1:2 

stoichiometry showed up to 5 % higher pilocarpine loading compared to hydrogels 

prepared using 1:1 stoichiometry, which might be due to an increase in crosslinking 

density between the copolymer chains.  

The pilocarpine release profiles from different hydrogels were studied in vitro using 

simulated tear fluid as dissolution medium. The plot of fractional release of pilocarpine 

(Mt/M∞) as a function of square root of time (Figure 4.6) demonstrates that pilocarpine 

entrapment in the hydrogel slows down the drug release and there is a sustained release 

for about 192 h (8 days). The percentage of pilocarpine released from 3, 4, 5 and 6 % 

hydrogel formulation prepared using 1:1 stoichiometry decreased from 100 to 86 % 

whereas same hydrogels prepared using 1:2 stoichiometry released 98 to 85 % of 

pilocarpine. Neither difference was considered significant. Thus, most of the loaded 
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pilocarpine was released in all of the hydrogel formulations evaluated. It is also evident 

from the plot that increase in copolymer/crosslinker concentration results in slower 

pilocarpine release, which might be due to the formation of a tighter hydrogel network 

and decreased pore size. 

The relative influence of diffusion and polymer relaxation on the mechanism of 

pilocarpine release was determined by fitting the experimental data (first 60 % of the total 

amount released) to the Ritger-Peppas equation [140]. 

ntM
kt

M
=

∞

       (2) 

In Equation 2, Mt/M∞ is the fractional release of the drug, k is the proportionality 

constant, n is the diffusional exponent and t is the time. The diffusional exponent was 

calculated from the slope of the natural logarithmic values (ln) of the fractional release as 

a function of time (Table 4.1). The release mechanism for all of the hydrogels was found 

to be non-fickian or anomalous involving both diffusion and polymer relaxation 

(0.5<n<1). Pilocarpine release was dependent on two simultaneous processes, water 

migration into the hydrogel and drug diffusion through continuously swelling hydrogels. 

The apparent diffusion coefficients at the early stage of controlled release (Mt/M∞ < 0.6) 

were determined using an equation derived from Fick’s second law of diffusion [195]. 
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∞
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In Equation 3, Mt/M∞ is the fractional release of the drug, D is the diffusion coefficient, t 

is the time, and h is the thickness of the hydrogel. The apparent diffusion coefficient was 

calculated from the slope of the fractional release as a function of square root of 

time/thickness of the hydrogel (Table 4.1). The diffusional exponents and the apparent 

diffusion coefficients decreased with an increase in copolymer and crosslinker 

concentrations. This indicates a decrease in swelling and pore size of the hydrogels. The 

in vitro release studies show that by changing the copolymer/crosslinker concentrations, 

drug release from hydrogels can be optimized. 

4.3.4 In vivo studies 

The possibility of eye irritation due to the hydrogel administration was evaluated in 

rabbits. Three veterinarians independently graded the rabbits for ocular lesions and no 

symptoms of ocular irritation such as tearing, redness, inflammation or swelling were 

observed after hydrogel administration. Furthermore fluorescein staining did not indicate 

corneal or conjunctival epithelial defects. 

The pharmacological response (i.e., decrease in pupil diameter) vs. time profiles of a 4 % 

w/v hydrogel formulation prepared using copolymer and crosslinker in a 1:2 ratio and 

drops containing 2 % pilocarpine were compared next (Figure 4.7). The miotic effect of 

the hydrogels is significantly greater than drops (p < 0.001) as shown by ANOVA. The 

time points that showed a statistically significant difference (p < 0.05 or p < 0.01) were 

indicated by * and **, respectively. At all times post administration, the decrease in pupil 

diameter was greater for the hydrogel formulation compared to drops, although the 

pharmacological profile was similar for up to 3 h. Five indicators of pharmacological 
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efficacy are summarized in Table 4.2: (1) Imax, the peak miotic intensity (2) Tmax, the 

time to reach the peak miotic intensity (3) AUC, the area under the decrease in pupil 

diameter vs. time curve (4) the duration of miotic response and (5) the slope of the linear 

portion of the decrease in pupil diameter vs. time curve. Imax, Tmax and duration of 

miotic responses were determined by linear interpolation between the data points, while 

AUC was calculated using Graph Pad Prism 4 software. 

It can be seen from Table 4.2 that Imax for the hydrogel formulation is 1.3 times higher 

than the drops even though Tmax for both formulations is similar (15 min). Also, the 

duration of miotic response is 8-fold greater for the hydrogel formulation (24 h) than the 

drops (3 h), indicating a more sustained release due to greater diffusional resistance. The 

AUC0-24h values indicate approximately a 5-fold increase in total miotic response for the 

hydrogel formulation relative to drops. In addition, pupillary response is greater for 

hydrogel formulation than drops, shown by a 1.7-fold higher slope for the hydrogel 

formulation. The higher efficacy of pilocarpine loaded hydrogel formulation compared to 

drops, is possibly due to the increased residence time in cul-de-sac, sustained drug 

release, and decreased clearance by tears. 

 

Figure 4.8 shows a linear correlation between the in vitro release of pilocarpine and in 

vivo pharmacological response in the eye. As the amount of pilocarpine available for 

absorption increases, there is a corresponding decrease in pupil diameter. The in vivo 

results coupled with the in vitro results suggest that the hydrogel formulation 

significantly prolongs the pilocarpine contact time and pharmacological response, which 
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makes it a superior formulation for sustained ocular pilocarpine delivery compared to 

conventional drops. 

4.4 Conclusion 

The in situ PEG hydrogels prepared and evaluated in the current study are stable, show 

resistance to external forces, give high pilocarpine loading, and provide sustained 

pilocarpine release. These hydrogel formulations are administered into the eye as a 

solution, rapidly forming a hydrogel that is able to withstand the shear forces in the cul-

de-sac of the eye. The in vivo results show that compared to drops, the hydrogel 

formulations provide prolonged pharmacological response as measured by a decrease in 

pupil diameter with no visible irritation. Overall, the results support the rationale behind 

using PEG-based hydrogels as ocular drug delivery systems.  

 

 



49 
 

4.5 Tables 

Table 4.1. Estimation of diffusional exponent (n) and apparent diffusion coefficient (D) 

for various hydrogel formulations. 

 
       % Hydrogels 
(copolymer : crosslinker) 

Diffusional exponent (n) Apparent diffusion 
coefficient (cm2 sec-1) x 10-6

           3 % (1:1) 

           4 % (1:1) 

           5 % (1:1) 

           6 % (1:1) 

           3 % (1:2) 

           4 % (1:2) 

           5 % (1:2) 

           6 % (1:2) 

             0.98 

             0.88 

             0.81 

             0.63 

             0.89 

             0.81 

             0.74 

             0.57        

   

                7.44  

                7.10 

                6.23  

                5.87  

                5.05  

                4.19  

                2.91  

                1.91 
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Table 4.2. Comparison of pharmacological efficacy of 2 % pilocarpine administered 

ocularly as hydrogel and aqueous solution. 

 

Ocular Delivery 

System 

Imax 

(mm) 

Tmax 

(h) 

AUC 

(mm/h) 

Duration 

(h) 

Slope 

Hydrogel 3.125 0.25 22.19 24 -0.26 

Drops 2.375 0.25 4.45 3 -0.44 
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4.6 Figures 

 

 

Scheme 4.1. Copolymer synthesis, (i) N, N-dimethylaminopyridine, p-toluene sulfonic acid monohydrate, 

N, N-diisopropylcarbodiimide/dichloromethane, RT, 24 h; (ii) trifluoroacetic acid, triisopropyl 

silane/water, RT, 5 h. 
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Figure 4.1. The GPC profile of crude polymerization reaction mixture obtained after 24 h. The high 

molecular weight copolymer peak appears at 6.91 min whereas the low molecular weight fragments appear 

at 11.77 and 16.05 min. 
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Figure 4.2. TEM images of 3 % (A) and 5 % (B) hydrogels prepared using copolymer and crosslinker in 

1:1 stoichiometry. The crosslinking networks are clearly visible; the network density increases with 

increase in copolymer concentration.  
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Figure 4.3. Optical transmissivities of 3, 4, 5 and 6 % hydrogels prepared using copolymer and crosslinker 

in 1:1 or 1:2 stoichiometries. The statistically significant different groups are denoted by * (p <  0.05) and 

** (p < 0.01). The optical transmissivities of the hydrogel decreases with increase in copolymer and 

crosslinker concentration. All the hydrogels were found to be transparent or close to transparent. 
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Figure 4.4. Influence of strain (A) and frequency (B) on G’ and G’’ of hydrogels. The rheological 

measurements were carried out on 3 and 5 % w/v hydrogels prepared using copolymer and crosslinker in 

1:1 stoichiometry. The strain sweep test establishes the regime of linear viscoelasticity (LVE). The 

frequency sweep test shows that the hydrogels are elastic than viscous and that they have the ability to 

resist structural changes under strain. 
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Figure 4.5. Swelling kinetics of the hydrogels as a function of time.  3, 4 and 6 % w/v hydrogels were 

prepared using 1:1 (A) and 1:2 (B) stoichiometries. All measurements were performed in triplicate and 

plotted as mean ± SEM. The degree of hydrogel swelling decreases with increasing copolymer and 

crosslinker concentrations. 

 

 



57 
 

 
 
 
 

 
 

Figure 4.6. Fractional release of pilocarpine as a function of time for 3, 4, 5 and 6 % w/v hydrogels 

prepared using 1:1 (A) and 1:2 (B) stoichiometries. All measurements were performed in triplicate and 

plotted as mean ± SEM. The release data were fitted using a two-phase exponential association equation in 

GraphPad Prism 4 software. The goodness of fit (R2) for the different hydrogels varied from 0.76 to 0.93. 

The initial burst release of pilocarpine appears to correlate well with the swelling phase (~0-3h) as shown 

in Figure 4. 4. Once swelling terminates, a sustained release phase begins. The higher burst phase appears 

to also be affected by pore size with the largest pore size hydrogel (3 %) having the largest burst effect. The 

release mechanism is non-fickian or anomalous involving both diffusion and polymer relaxation (0.5 < n 

<1). An increase in copolymer/crosslinker concentration results in a slower pilocarpine release 
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Figure 4.7. Decrease in pupil diameter vs. time for pilocarpine-loaded hydrogel (4 %, w/v, copolymer and 

crosslinker in 1:2 stoichiometries) and aqueous pilocarpine (2 %, w/v) solution in PBS. Mean ± SEM of 

four determinations is reported. The statistically significant differences in pupil diameter changes between 

both the groups is denoted by * (p < 0.05) and ** (p < 0.01). The hydrogel shows sustained 

pharmacological response for a period of 24 h. 
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Figure 4.8. Correlation between in vitro pilocarpine release and pupillary constriction obtained in vivo. A 

linear correlation is evident with an R2 of 0.97. As the amount of pilocarpine available for absorption 

decreases, a corresponding increase in pupil diameter is observed. Data are reported as mean ± SEM. Solid 

line indicates the best fit line and dashed line indicates the 95 % confidence interval. 
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5 EVALUATION OF NITROGEN MUSTARD SKIN WOUND 
PROGRESSION AND BARRIER PROPERTY IN A MOUSE MODEL 

5.1 Introduction 

Sulfur Mustard (SM),  a potent chemical warfare agent, is the most abundantly produced 

and stockpiled vesicant worldwide [1]. SM has cytotoxic, cytostatic and mutagenic 

effects caused by both the alkylation of DNA, RNA, proteins and phospholipids, and by 

inhibition of DNA replication [1, 54, 196]. SM is a threat to both civilians and military 

personnel due to lethal or incapacitating injuries to the eyes, lungs and skin. Skin is 

particularly susceptible to SM exposure due to its large surface area and rapidly 

proliferating keratinocytes of the basal layer [43, 197, 198]. The onset of symptoms 

depends on the vapor concentration and exposure time of SM, as well as temperature, 

moisture, and anatomical location. Higher doses of SM and moist thin epidermal layers 

are known to shorten the symptom-free latency period [49]. SM may affect both the 

epidermis and dermis of skin, but it generally manifests as edema, inflammation and cell 

death in the basal keratinocyte layer at the site of injury. Histopathologically this layer 

shows highest cell damage such as karyolysis and pyknosis [50, 51]. Blister formation 

occurs between the epidermis and dermis within several hours after SM exposure [52, 

53]. The dermis is comparatively less affected, but over time shows signs of discrete 

necrosis, decreased number of fibroblasts and histiocytes. Biopsies at the exposed areas 

are characterized by a detachment of the epidermis, areas of necrosis, massive cellular 

infiltration, capillary engorgement and thrombosis [51]. Cell death, separation of cellular 

layers, and cellular infiltrate are the common histopathological changes that occur in the 

skin after SM exposure. 
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In the current study nitrogen mustard (mechlorethamine hydrochloride, bis (2-

chloroethyl) methylamine, chloromethine, mustine, NM) was used as a surrogate to 

simulate SM injury in the skin since it is less regulated and eliminates the need for a 

specialized containment facility [196, 199-204]. Although considered less toxic than SM, 

NM is chemically closely related to it and has similar vesicant properties [196]. Through 

the alkylation properties of its chloroethyl groups, NM induces interstrand and intrastrand 

crosslinks in DNA leading to cell death [205-207]. NM has been widely used as a 

therapeutic agent for the treatment of Hodgkin’s lymphoma [208-210], cutaneous T-cell 

lymphoma [211, 212] and mycosis fungoides [213-215]. However, NM is not selective 

towards neoplastic cells and is toxic to all rapidly dividing cells causing undesirable side 

effects including bone marrow depression, GIT disorders, mutagenesis, teratogenesis and 

even carcinogenesis [205, 206, 216]. 

 

SM and NM quantitatively differ in their cutaneous permeation rate and injury producing 

ability, both of which are greater for SM [217, 218]. However, cutaneous exposure to 

both SM and NM produces similar histopathological and immunohistochemical effects as 

a result of their direct effect on the basement membrane zone [218]. Due to its similarities 

with SM, NM was used as a model vesicant to simulate SM injuries in the skin. SKH-1 

hairless mouse, which is widely used for dermal research [203, 219, 220] is used as an 

animal model to evaluate the histopathological and inflammatory affects of dermally 

applied NM. 
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To develop effective countermeasures for vesicant injured skin, it is important to study 

the effect of vesicants post exposure on wound progression and barrier properties of skin. 

The integrity of skin affects the permeation of topically applied drugs, which in turn 

affects pharmacological efficacy. Current literature does not provide any information 

regarding the dose and time dependent effects of NM on skin or the effect of vesicants on 

dermal permeability. Hence evaluation of the toxic effects and permeability of skin after 

NM exposure can provide valuable information on wound progression and its integrity.  

 

In the current study, the progression of dermal wounds after cutaneous exposure to NM 

was evaluated qualitatively from the dose and time dependent effects of NM using 

histology of skin and quantitatively from the levels of inflammatory biomarkers in skin. 

The loss of skin integrity was correlated to the barrier function by measuring the 

permeation of various molecular markers at 0, 24, 72 and 168 h after NM exposure. 

Compounds varying in hydrophilicity and molecular weight/molecular radius were used 

as probes for measuring the effect of physicochemical properties of drugs on permeation 

through vesicant exposed skin. The purpose of this study is to develop a dermal wound 

model for evaluating vesicant wound progression and barrier properties of skin. 

5.2 Materials and methods 

5.2.1 Materials 

Female SKH-1 hairless mice (6-10 weeks old) were purchased from Charles River 

Laboratories (Wilmington, MA). [3H] mannitol (99% pure, specific activity=20ci/mM) 

was purchased from American Radiolabeled Chemicals, Inc (St. Louis, MO). Rhodamine 

123, nitrogen mustard (NM), acetone, Fluorescein isothiocyanate labeled dextran’s 
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(FITC-dextran’s) with molecular weight’s of 4000 (FD-4), 10000 (FD-10), 20000 (FD-

20) and 40000 (FD-20) were purchased from Sigma-Aldrich (St. Louis, MO). Acuderm 

Acu-Punch biopsy punches and 10% formalin were purchased from Fisher Scientific 

(Pittsburgh, PA). Trizol reagent were obtained from Invitrogen Corporation (Carlsbad, 

CA) and High Capacity cDNA Reverse Transcription Kit with RNase inhibitor was 

obtained from Applied Biosystems (Foster City, CA). Eppendorf Phase Lock Gel was 

obtained from Brinkmann Instruments (Westbury, NY). RNA Storage Solution was 

obtained from Ambion (Austin, TX). Primer and probe sets for IL-1β, TNF-α and 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed by TaqMan 

Assay-By-Design service (Applied Biosystems, Foster City, CA). Molecular Dynamics 

Personal Densitometer and ImageQuant are from Amersham Bioscience (Piscataway, 

NJ). A Franz diffusion cell apparatus (Permegear, Hellertown, PA) was used for drug 

permeation studies. The histology sections were observed using a light microscope (Leica 

DM-LB, magnification 10 x; Leica Microsystems Wetzlar GmbH, Wetzlar, Germany). 

Images were captured and acquired using ProgRes camera and ProgRes Capture Pro 

Software 2.6 respectively (Jenoptik Laser, Optik, Systeme GmbH, Jena, Germany). A 

Tecan GENios microplate reader (Tecan, Durham, NC) was used to measure 

fluorescence of FITC-dextrans and rhodamine 123. The radioactivity of 3[H] mannitol 

was measured using a Wallac 1409 Liquid Scintillation Counter (LSC) (Wallac Oy, 

Turku, Finland). 

5.2.2 Dose and time dependent effect of NM on mice skin 

A SKH-1 hairless mouse model was used to assess NM dermal wound progression in 

vivo. All animal studies were conducted in accordance with the protocol approved by 
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Laboratory Animal Services (LAS), Rutgers University. NM dissolved in acetone was 

applied topically to the dorsal skin of mice and left in the hood overnight to degas. A 

standard circular template (15 mm) was used to ensure uniform exposure area of NM on 

all mice. For the dose response study, topical wounds were created by application of 5, 

25, 50, 75 and 100 μmoles NM. The mice were euthanized by CO2 gas and punch 

biopsies were collected at 24 h after exposure to evaluate the dose dependent effects of 

NM on dermal wound formation. The dose of NM at which a lesion forms and mice 

survive for at least 168 h was chosen for time response, inflammatory biomarkers and 

permeation studies. For the time response study, topical wounds were created by 

application of 5 μmoles of NM (which was based on the results of the dose response 

study) and punch biopsies were collected from the wounded skin at 0, 24, 72 and 168 h. 

The skin samples were fixed in 10% formalin and histology evaluated by H&E staining. 

Both the dose and time response treatments included five mice in each group. 

5.2.3 Measurement of inflammatory biomarkers 

5.2.3.1 Measurement of edema 

Punch biopsies from the dorsal wounded skin of mice were collected at 0, 24, 72 and 168 

h. The weight of the tissue was measured and the results were reported as mean ± SEM of 

five mice in each treatment group. One way analysis of variance (ANOVA) was used to 

determine the significance of NM exposure time on edema.  

5.2.3.2 Measurement of mRNA levels 

The punch biopsy samples from the wounded skin of mice collected at 0, 24, 72 and 168 

h were snap frozen in liquid nitrogen and stored at -80oC until further analysis of RNA. 
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The results were reported as mean ± SEM of five mice in each treatment group. One way 

ANOVA was used to determine the significance of NM exposure time on mRNA levels 

of the inflammatory biomarkers interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-

α). 

5.2.3.2.1 RNA isolation and reverse transcription 

The RNA isolation and reverse transcription were performed as previously described 

[221]. Briefly, total RNA was isolated from the tissue samples using TRIzol reagent, 

according to the manufacturer’s instructions. Eppendorf phase lock gel, a product that 

eliminates interface-protein contamination during phenol extraction and was added 

during centrifugation. The RNA pellet was dissolved in RNA storage solution and RNA 

quantitated spectrophometrically at 260 nm Total RNA (1 μg) was reverse-transcribed 

into cDNA using a High Capacity cDNA Reverse Transcription Kit for reverse 

transcriptase-polymerase chain reaction (RT-PCR). A minus reverse transcriptase 

reaction was used as a control.  

5.2.3.2.2 Real-time polymerase chain reaction 

The mRNA levels of IL-1β and TNF-α were measured from cDNA samples by TaqMan 

gene expression assay. To compensate for variations in input RNA amounts, and 

efficiency of reverse transcription, GAPDH an endogenous control gene was also 

quantified, and results were normalized to these values. 
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5.2.4 Evaluation of barrier property of skin by measurement of permeability of 
molecular markers through NM exposed skin 

The damage caused by vesicant exposure on the integrity and barrier properties of skin 

was evaluated by measuring the variations in permeability of mice skin exposed to NM, 

at various time points following exposure. [3H] mannitol (molecular weight = 182.17) 

was used as a hydrophilic marker; FD-4, FD-10, FD-20 and FD-40 were used as 

molecular weight markers; Rhodamine 123 (molecular weight = 380.82) was used as a 

lipophilic marker. The permeability profiles were evaluated on mice skin collected at 0 

(controls), 24, 72 and 168 h after exposure to NM. 

5.3 Results and Discussion 

5.3.1 Dose and time dependent effects of NM on mouse skin 

Histology of NM exposed mouse skin indicated a dose and time dependent wound 

progression. Figures 5.1 and 5.2 are representative H & E stained histological sections of 

mouse skin that depict a dose and time dependent response to NM exposure, respectively. 

The histology of control skin shows an intact epidermis and dermis, healthy nuclei in the 

epidermis, fibroblasts in the dermis and a continuous skeletal muscle. Exposure to NM 

for 24 h resulted in the following histopathological effects at the entire dose range (5-100 

μmoles): edema (increased size of the dermis), infiltration of inflammatory cells in the 

dermis, shrinkage/condensation of nuclei in the epidermis (pyknosis) and discontinuity of 

the skeletal muscle. However, separation of the epidermis from the dermis was found to 

be strictly dependent on the exposure dose of NM. At an exposure dose of 5 μmoles of 

NM, the epidermis remained attached to the dermis in most areas. Increasing doses of 

NM (25, 50 μmoles), resulted in larger areas of the epidermis separating from the dermis, 
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and complete detachment of the epidermis was observed at higher doses (75, 100 

μmoles). All mice exposed to NM at doses greater than 5 μmoles survived for less than a 

week confirming that NM is extremely toxic when applied topically. Based on the results 

of the above study, a concentration of 5 μmoles of NM was chosen for further studies 

such as evaluation of time response, levels of inflammatory biomarkers and barrier 

properties of the skin after NM exposure. 

 

Figure 5.2 shows the time dependent effects of NM exposure on mouse skin. NM induced 

wound progression was followed for upto 168 h after exposure. Histology of skin 

samples obtained 24 h after NM exposure, mainly showed edema, pyknotic nuclei in the 

epidermis, inflammatory infiltration and discontinuity of the skeletal muscle. In the skin 

samples obtained 72 h after NM exposure, edema, separation of the epidermis from the 

dermis, death of the epidermal cells (no nuclear staining) and discontinuity of the skeletal 

muscle was observed. At 168 h after NM exposure, reepithelization in the epidermis (a 

sign of wound healing) from the wound edges was observed along with necrosis in the 

dermis. Reepithelization was mainly characterized by epidermal hyperplasia (increased 

keratinocyte proliferation in the epidermis) and hyperkeratosis (thickening of the stratum 

corneum). It has been shown that reepithelization is essential for wound repair in order to 

restore the intact epidermal barrier and occurs by the movement of epithelial cells from 

the edge of the unwounded tissue across the site of injury [222-226]. The results of the 

above time response study indicate that the NM (5 μmoles) induced wound progresses 

from 0 - 72 h and wound healing initiates between 72 - 168 h in SKH-1 mice.  
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5.3.2 Measurement of inflammatory biomarkers 

SM exposure on skin elicits an inflammatory response that results in increased edema and 

production of several inflammatory cytokines [12, 13, 43, 64, 227-237]. The release of 

cytokines can induce a strong chemotactic response that attracts neutrophils and 

macrophages. The number of infiltrating cells is dependent on the dose and time of SM 

exposure [69]. The time dependent effects of NM on mouse skin were quantitatively 

measured from the extent of edema and the mRNA levels of pro inflammatory cytokines 

IL-1β and TNF-α. 

5.3.2.1 Measurement of edema 

The tissue weight of biopsy from skin exposed to NM was measured to determine the 

extent of edema.  Edema is the most common inflammatory response caused by mustard 

exposure on mice skin [203]. Figure 5.3 indicates that dermal edema is dependent on the 

duration of NM exposure. A significant increase (p<0.05) in tissue weight was observed 

at 24, 72 and 168 h after exposure to NM, demonstrating marked edema in a time 

dependent manner, with edema being highest at 24 h.  

5.3.2.2 Measurement of mRNA levels 

IL-1β and TNF-α are pro inflammatory cytokines that are important indicators of 

inflammatory response in a tissue. Figure 5.4 shows that the mRNA levels of IL-1β and 

TNF-α increased at 24, 72 and 168 h after NM exposure relative to control skin, with 

peak activity at 168 h. Only the mRNA levels of IL-1β at 168 h after NM exposure were 

found to be significantly higher than the control (p<0.05) These results indicate that 

 



69 
 

targeting the inflammatory pathway could be an effective treatment option for healing 

dermal mustard injuries.  

5.3.3 Permeation profiles of markers through NM exposed skin 

The permeability of molecular markers is an important prediction of the integrity of skin 

after vesicant exposure, which in turn correlates to its barrier property in vivo. It can also 

be used to provide comprehensive data on the permeation properties of molecules as a 

function of molecular weight and lipophilicity, in skin subjected to variable degrees of 

damage. This data can be very useful in predicting the permeability of new compounds 

based on their physiochemical properties in intact and damaged skin.  

 

The permeation profiles of molecular markers through NM exposed skin were evaluated 

for 24 h using a Franz diffusion cell apparatus. Figures 5.5, 5.6 and 5.7 show the 

cumulative amount of molecular marker permeated (cpm/cm2 or ng/cm2) as a function of 

time (h). Table 5.1 shows the permeability coefficients of these markers through skin 

exposed to NM, at various time points following exposure. Flux (J) was obtained from 

the slope of the linear portion of the permeation curves and permeability coefficients (P) 

were calculated from flux using the equations below: 

Adt
dQJ

.
=    (1) 

oC
JP =    (2) 
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Where J indicates the steady state flux, dQ the amount of drug permeated, A the dermal 

area exposed, dt the time of permeation and C0 represents the initial drug concentration in 

the donor compartment.  

 
The stratum corneum is the main barrier to dermal permeability of most drugs, 

particularly hydrophilic drugs [90, 91, 238, 239]. The stratum corneum can be damaged 

in numerous ways and this can result in increased transdermal permeability of drugs. At 

24 h after NM exposure, the stratum corneum is damaged but still intact. At 72 h after 

NM exposure, incomplete to complete loss of stratum corneum occurs. Hyperkeratosis of 

the stratum corneum is seen in skin collected 168 h after NM exposure. To correlate the 

extent of NM damage on skin and hence its barrier properties, permeability of different 

molecular markers varying in their physicochemical characteristics was evaluated  

 

3[H] mannitol is a hydrophilic low molecular weight marker and its permeation through 

mice skin exposed to NM for various time periods was found to increase compared to the 

control (Figure 5.5). The order of permeation of mannitol is 72 h> 168 h> 24 h> control 

(Table 5.1). The high permeability of mannitol at 72 h corresponds to the maximum 

damage at this time point, due to the absence of stratum corneum and separation of 

epidermis from the dermis. Wound reepithelization starts in between 72-168 h and the 

barrier property of skin improves resulting in decreased permeation at 168 h compared to 

72 h. The barrier property of skin is decreased at 24 h after NM exposure due to wound 

formation and hence results in increased permeation at 24 h compared to the control. 
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The effect of different molecular weight FITC-dextran’s on permeability through intact 

and NM damaged skin was studied. FITC-dextran’s which are hydrophilic in nature 

showed increased permeation through skin exposed to NM at various time periods 

following exposure, irrespective of their molecular weight (Table 5.1). The order of 

permeation of FD-4, FD-10, FD-20 and FD-40 is 72 h> 168 h> 24 h> control. The 

change in permeation at the different time points following NM exposure is similar to 

mannitol and hence the same factors (state of stratum corneum) affecting mannitol’s 

permeation could be also be influencing FITC-dextran’s permeation. The permeability of 

FITC dextran’s through control and NM exposed skin declined with increasing molecular 

weight (FD-4>FD-10>FD-20>FD-40) showing that permeability through skin is 

molecular weight dependent. Lower molecular weight compounds have higher 

permeation through skin compared to similar compounds of higher molecular weight. 

 

Rhodamine 123 is a lipophilic cationic fluorochrome. The permeability of rhodamine 123 

through control skin is much higher than that of the other molecular markers evaluated in 

the current study. This is due to the fact that cationic lipophilic compounds have higher 

permeation rates through the negatively charged lipophilic stratum corneum barrier [240]. 

Even though the permeation of rhodamine 123 through NM exposed skin increased 

relative to the control, the order of increased permeation is contrary to other markers 

evaluated in the current study. The order of rhodamine 123 permeation through NM 

exposed skin is 24h >168h >72 h >control. The higher permeation of rhodamine 123 

through skin exposed to NM for 24 and 168 h compared to 72 h is likely due to the still 

intact stratum corneum at 24 h and new stratum corneum that is being formed at 168 h. 
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Also, at 24 h, the solubility and partitioning of rhodamine 123 into the viable, 

hydrophilic, edematous epidermis and dermis of skin might have resulted in higher 

permeation rates. 

 

The permeability studies show that the integrity of skin is at its lowest 72 h after NM 

exposure which corresponds to the maximum damage observed at 72 h in the time 

dependent effects study (Figure 5.2). All the molecular markers showed an increased 

permeation through NM exposed skin compared to the control which implies that the 

barrier property is compromised in vesicant exposed skin. 

5.4 Conclusion 

A SKH-1 mouse model was developed to study the dose and time dependent effects of 

NM on dermal wound progression in a qualitative manner. Edema and mRNA levels of 

IL-1β and TNF-α were used to evaluate the quantitative inflammatory response of NM 

on mouse skin. These inflammatory biomarkers can be used in wound healing efficacy 

studies of new countermeasures for mustard injured skin. Systematic data on the 

permeability of skin at various time periods after NM exposure is useful in evaluating the 

integrity and hence the barrier property of skin after vesicant exposure. The permeability 

of molecular markers through intact and NM exposed skin gives us an idea of the effect 

of physicochemical characteristics of drugs on permeation. Such data can be used to build 

pharmacokinetic simulation models for obtaining quantitative estimates of transdermal 

drug delivery rates. 
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5.5 Tables 

Table 5.1. Permeability coefficients of different molecular markers through skin exposed 

to NM for 0, 24, 72 and 168 h 

 
Permeability coefficient (cm.h-1)x10-6 

Molecular 
marker Control (No NM 

exposure) 
 

24 h after NM 
exposure 

72 h after NM 
exposure 

168 h after NM 
exposure 

 
3[H] mannitol 

Rhodamine 123 
FD-4 
FD-10 
FD-20 
FD-40 

 

 
27.45 ± 2.465 
161.5 ± 75.58 
15.23 ± 1.758 

  5.055 ± 0.5354 
  1.844 ± 0.1467 
  1.667 ± 0.5567 

 

 
96.36 ± 13.68 
889.7 ± 124.4 
28.55 ± 9.384 
9.517 ± 1.399 
3.147 ± 0.342 

  2.598 ± 0.3761 
 

 
1091 ±  216 

477.1 ± 14.14 
 1270 ± 43.21 
278.7 ± 10.18 
   147 ± 8.529 
     75 ± 28.72 

 

    
     157.7 ± 18.6 

692.2 ± 18.32 
 1054 ± 42.03 
157.2 ± 9.850 
43.82 ± 2.343 

  16.61 ± 0.6648 
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5.6 Figures 

 
  

 

Figure 5.1. Dose dependent effects of NM exposure on mice skin visualized by H & E staining (10 x). The 

arrows in B denote pyknotic nuclei in epidermis and discontinuous skeletal muscle in the dermis. Arrows in 

C, D, E and F denote pyknotic nuclei in epidermis, separation of epidermis from dermis and discontinuous 

skeletal muscle in dermis. The separation of epidermis from the dermis progresses in a dose dependent 

manner from 5-100 μmoles.  
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Figure 5.2. The histology of time dependent effects of NM exposure on mice skin at 10 x magnification 

visualized by H & E staining. The arrows in B denote pyknotic nuclei in epidermis and discontinuous 

skeletal muscle in the dermis. Arrows in C denote absence of nuclear staining in the epidermis, separation 

of epidermis from dermis and discontinuous skeletal muscle in dermis. Arrows in D denote dermal necrosis 

with, reepithelization from the wound edges characterized by epidermal hyperplasia and hyperkeratosis. 

These results show that wound progresses from 0 - 72 h and wound healing initiates between 72 - 168 h 

when SKH-1 mice are exposed to 5 μmoles of NM. 
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Figure 5.3. Time dependent inflammatory response of NM on mice skin measured by edema. A significant 

increase (p<0.05) in tissue weight at 24, 72 and 168 h is seen demonstrating marked edema when skin is 

exposed to NM.  
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Figure 5.4. Time dependent effect of NM exposure on mice skin measured from the mRNA levels of IL-1β 

and TNF-α.mRNA levels increased at 24, 72 and 168 h relative to control skin with peak activity at 168 h. 

Only the mRNA level of IL-1β at 168 h post exposure was found to be significantly higher than the control 

(p<0.05). 
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Figure 5.5. Permeation profile of 3[H] mannitol (hydrophilic marker) through NM exposed mice skin. The 

order of permeation is 72 h> 168 h> 24 h> control. The permeation of mannitol is significantly higher than 

the control at 24, 72 and 168 h (p<0.001). 
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Figure 5.6. Permeation profile of FITC-dextran’s (molecular weight markers) through NM exposed mice 

skin. The order of permeation is 72 h> 168 h> 24 h> control. The permeation of FD-4 is significantly 

higher than the control at 72 and 168 h (p<0.001). The permeation of FD-10 is significantly higher than the 

control at 24 h (p<0.01), 72 and 168 h (p<0.001). The permeation of FD-20 is significantly higher than the 

control at 24 h (p<0.01), 72 and 168 h (p<0.001). The permeation of FD-40 is significantly higher than the 

control at 72 and 168 h (p<0.001). 
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Figure 5.7. Permeation profile of rhodamine 123 (lipophilic marker) through NM exposed mice skin. The 

order of permeation is 24 h> 72 h> 168 h> control. The permeation of mannitol is significantly higher than 

the control at 24 h (p<0.001), 72 h (p<0.01) and 168 h (p<0.001). 
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6 DOXYCYCLINE LOADED POLY(ETHYLENE GLYCOL) 
HYDROGELS FOR OCULAR WOUND HEALING APPLICATION 

6.1 Introduction 

Sulfur mustard (SM, 2,2-dichlorethyl sulfide) is a potent cytotoxic and  mutagenic 

vesicant that was used as a chemical warfare agent for the first time during World War I 

and in over 10 subsequent conflicts [241, 242]. In the 1980’s, SM was used in the Iran-

Iraq war, affecting not only military personnel but also 100,000 civilians [243, 244]. 

Exposure to SM causes devastating injuries to the eyes, skin and respiratory system [3, 

245], however the eyes are the most sensitive tissue to SM with a threshold of 

12 mg.min/m3, compared to 200 mg.min/m3 for the skin. Even low doses of SM induce 

incapacitation, visual impairment and panic [3]. Although the molecular mechanisms for 

SM-induced injury are unclear, it is known that the vesicant alkylates DNA, RNA and 

proteins and causes inflammation, tissue damage and cell death [3]. MMPs are a family 

of enzymes that enhance the action of many activating factors during inflammatory 

response  and contribute to tissue degradation [5-7, 9, 10, 12, 13, 15, 16]. MMP-9 has 

been identified as a potential target of therapy for SM damage since it was found that its 

expression and activation quantitatively increases over time in response to SM exposure 

[12, 13]. The cornea is clinically impaired by SM exposure exhibiting chronic 

inflammation and increased MMP activity [246]. Decreased MMP-9 activity in humans 

has been found to correlate with accelerated wound healing [18, 19]. Hence, intervention 

targeting of both the inflammatory response and increased protease expression could 

provide a therapeutic approach for the treatment of SM-induced corneal wounds.  
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Doxycycline is a long acting semi-synthetic tetracycline, which is well recognized for its 

therapeutic efficacy in treating MMP mediated ocular surface diseases, such as rosacea, 

recurrent epithelial erosions and sterile corneal ulcerations.[247-249]. Doxycycline has 

been found to inhibit MMP-9 activity in vivo in the corneal epithelial cells of 

experimental dry eye [26] as well as in vitro in human corneal epithelial cells [22, 23]. 

Treatment with doxycycline has been shown to be beneficial in attenuating acute and 

delayed ocular injuries caused by SM exposure [27, 28]. The drug is an inexpensive, 

FDA approved antibiotic that likely promotes wound healing by reducing inflammation 

and protease activity. 

 

The blood ocular barriers, which include the blood-aqueous and blood-retina barriers 

protect the eye, but prevent drug distribution to the anterior and posterior chambers, 

limiting ocular bioavailability [250, 251]. Drug diffusion into the eyes from the systemic 

circulation is slow and inefficient. Most drugs applied to the eye surface as solutions have 

ocular bioavailability in the range of about 10% with most of the drug being cleared by 

local systemic absorption [251, 252]. Solutions are in contact with the eye surface for a 

very short period of time as the tear film quickly washes them away. The contact time, 

local drug concentration and thereby duration of action can be prolonged by designing 

topical formulations with higher viscosities [253].  

 

The ideal drug delivery system for corneal wound repair should be nontoxic, transparent, 

easy to administer, possess rheological properties to maintain its structural integrity, 

provide a microbial barrier, release the drug in a controlled and sustained manner and 
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decrease the time of wound healing. There are very few controlled drug delivery systems 

reported for corneal wound repair applications [170, 254-257]. Although doxycycline is 

commercially available in a wide variety of dosage formulations including tablets, 

capsules and suspensions, topical ocular doxycycline eye drop formulations are to this 

day compounded by a pharmacist. Since there are currently no ocular formulations 

commercially available for doxycycline, there is a critical need for a controlled release 

doxycycline delivery system that can be easily applied to the eye to promote wound 

healing. Earlier, we have shown that pilocarpine-loaded ocular hydrogels provide 

sustained drug release and increased pharmacological efficacy in comparison to 

pilocarpine drops [77]. As ocular drug delivery systems, hydrogels provide prolonged 

corneal contact time, reduced drug loss from the corneal surface, and convenient 

administration. PEG based hydrogels are used in the current study since PEG is FDA 

approved, non-toxic, water soluble, easily processable and highly stable to temperature 

and pH [33, 34, 171]. The hydrogels evaluated in the current study are formed in situ, in 

other words, they are liquids upon instillation and undergo a phase transition at 

physiological pH to form the hydrogel. This occurs by covalent intermolecular 

crosslinking of polymer chains through reversible thioester bonds resulting in 

biodegradable viscoelastic hydrogels. In this study, doxycycline loaded fast forming PEG 

hydrogels were designed for the treatment of simulated mustard injuries using surrogate 

vesicants and evaluated in a rabbit corneal organ culture model.  
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6.2 Materials and methods 

6.2.1 Materials 

The polymers 8-arm-PEG-SH (20 kDa, 83.8% total activity by NMR) and 8-arm-PEG-N-

hydroxysuccinimide (PEG-NHS) (20 kDa, 95.1% total activity by NMR) were custom 

synthesized by NOF Corporation (White Plains, NY). Doxycycline hyclate, agar, 

ascorbic acid, RPMI 1640 vitamin solution, ciprofloxacin, haematoxylin dye, CEES and 

NM were obtained from Sigma-Aldrich (St. Louis, MO). CoorsTek spot plates, eosin, 

Pen-Fix, methanol, acetonitrile, oxalic acid and HPLC grade solvents were obtained from 

Fisher Scientific (Suwanee, GA). The optical transmission (OT) of the hydrogel was 

determined using a Milton Roy Spectronic Genesys 5 spectrophotometer (Thermo Fisher 

Scientific, Pittsburgh, PA). Rheological data were obtained on a SR-2000 rheometer from 

Rheometric Scientific Inc (Piscataway, NJ) and analyzed by RSI orchestrator software. A 

Franz diffusion cell apparatus (Permegear, Hellertown, PA) was used for drug release and 

permeation studies. Polycarbonate membranes used for in vitro release studies were 

purchased from GE Osmonics Labstore (Minnetonka, MN). Waters HPLC system 

equipped with a UV detector and an Eclipse XDB-C8 column (Agilent, Zorbax, 4.6 x 150 

mm) was used to analyze doxycycline concentration. Rabbit eyes were obtained from 

Pel-Freeze Biologicals (Rogers, AR). Dulbecco's modified eagle's medium (DMEM), 

High glucose DMEM, MEM-non essential amino acid solution (MEM-NEAA), Alexa-

Fluor 488-conjugated goat anti-mouse IgG antibodies, 4',6-diamidino-2-phenylindole 

(DAPI) and Prolong Gold were obtained from Invitrogen Corporation (Carlsbad, CA). 

The cryomolds and Tissue-Tek OCT was obtained from Sakura Finetek (Torrance, CA). 

Normal goat serum was obtained from Jackson ImmunoResearch Laboratories (West 
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Grove, PA). Mouse anti MMP-9 monoclonal antibody (catalog no MAB3309) were 

obtained from Millipore (Billerica, MA). A Microm HM505E cryostat was used for 

sectioning of cornea. The histology sections were observed using a light microscope 

(Leica DM-LB, magnification 40x; Leica Microsystems Wetzlar GmbH, Wetzlar, 

Germany). Images were captured and acquired using a ProgRes camera and ProgRes 

Capture Pro Software 2.6, respectively (Jenoptik Laser, Optik, Systeme GmbH, Jena, 

Germany).  

6.2.2 Hydrogel formation 

Hydrogels (5-22.5, w/v) were prepared by mixing the solutions of 8-arm-PEG-SH and 8-

arm-PEG-NHS in PBS (pH 8) and leaving the mixture to stand at room temperature (RT) 

to form the hydrogel. Hydrogel was considered to be formed when the solution ceased to 

flow from the inverted tube [258]. For example, to prepare a 5% (1:1) hydrogel, aqueous 

solutions of PEG-SH and PEG-NHS were separately prepared by dissolving 5.0 mg of 

each polymer in 100 μL of buffer. The two solutions (total volume = 200 μL) were mixed 

in a glass vial and allowed to stand at RT. Hydrogels were formed in 90 seconds. Similar 

procedure was used to obtain 7.5, 10, 15, and 22.5% hydrogel with 1:1 and 1:2 

stoichiometries. Hydrogels used for optical transmission, degree of swelling, drug 

loading and in vitro release studies were 200 μL in volume, 9 mm in diameter, and 0.3 

mm in thickness.  
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6.2.3 Optical Transmission (OT) 

The hydrogels were screened for their potential application as drug delivery systems for 

corneal wound repair. Different hydrogel compositions [5% (1:1); 7.5% (1:1); 7.5% 

(1:2); 10% (1:1); 15% (1:1); 15% (1:2); and 22.5% (1:2)] were analyzed for their OT 

properties. The hydrogels (200 μL) were placed in a quartz cuvette containing distilled 

water and transmission of light was measured at 480 nm [185]. A cuvette containing only 

distilled water was used as reference. All OT studies were done in triplicate and the mean 

± SEM reported. One way analysis of variance (ANOVA) was used to determine the 

effect of hydrogel composition on its optical transmission. 

6.2.4 Rheology 

The rheological measurements of 5% (1:1), 7.5% (1:1), 7.5% (1:2), 15% (1:1) and 15% 

(1:2)  hydrogels were performed using a rheometer with cone plate geometry at 37 °C 

(plate diameter: 25 mm, gap: 3 mm, 2o angle) [143, 144]. The hydrogel samples were 

equilibrated on the plate for 5 min to reach the running temperature before each 

measurement. Rheological test parameters, storage/elasticity (G’) and loss/viscosity (G’’) 

moduli were obtained under dynamic conditions of non-destructive oscillatory tests. The 

dynamic strain sweep test was performed at a constant frequency of 1 Hz with percent 

strain ranging from 10-1 to 102.  The dynamic frequency sweep test was carried out at a 

constant strain of 1% (linear viscoelastic region) with frequency ranging from 10-1 to 101 

Hz. All the rheological studies were done in triplicate and the mean ± SEM reported. 

Two way ANOVA was used to determine the effect of hydrogel composition on its 

rheological properties. 
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6.2.5 Swelling studies 

The degree of swelling for different hydrogels [5% (1:1); 7.5% (1:1); 7.5% (1:2); 10% 

(1:1); 15% (1:1); 15% (1:2); and 22.5% (1:2)] was measured. Hydrogels were placed in a 

vial and weighed (initial weight) prior to being immersed in PBS (pH 7.4) and placed in 

an incubator at 37 oC. The degree of swelling of the hydrogels was calculated by 

weighing the vials after removing the PBS at predetermined time intervals. The buffer 

was replaced after every measurement and the hydrogels were allowed to swell until 

equilibrium is reached. The degree of swelling for each hydrogel was determined by 

using the equation below: 

100)(% x
W

WWSwelling
o

os −
=      (1) 

Where Ws is the weight of the swollen hydrogel at time t and W0 is the initial 

weight. All measurements were made in triplicate for each hydrogel using separate 

samples and the mean ± SEM reported. Two way ANOVA was used to determine the 

effect of hydrogel composition on its degree of swelling. 

6.2.6 In vitro doxycycline loading and release 

6.2.6.1 Drug loading efficiency 

The 10% (1:1), 15% (1:1), 15% (1:2), and 22.5% (1:2) hydrogels loaded with 0.25% w/v 

of doxycycline were used for drug loading and release studies. The hydrogels were 

dissected into small pieces and suspended in 5 mL PBS (pH 7.4). The suspension was 

sonicated for 30 min to completely extract doxycycline from the hydrogel. The amount of 

doxycycline extracted was quantified by RP HPLC analysis at a wavelength of 350 nm. 

0.01M oxalic acid, acetonitrile and methanol (70:18:12) were used as mobile phase at a 
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flow rate of 1 mL/min. After extraction, suspension containing the hydrogel was stored 

for several days at 4oC and then reanalyzed to ensure the complete extraction of 

doxycycline from the hydrogel. Doxycycline was stable under the storage conditions, as 

determined by HPLC analysis. 

6.2.6.2 In vitro release 

In vitro release from the hydrogels was studied on a Franz diffusion cell apparatus with a 

diameter of 5 mm and a diffusional area of 0.636 cm2. A polycarbonate membrane (0.4 

μ) was sandwiched between the lower cell reservoir and the glass cell-top containing the 

sample for doxycycline release studies. The receiving compartment (volume 5.1mL) was 

filled with PBS (pH 7.4). The system was maintained at 37oC using a circulating water 

bath and a jacket surrounding the cell. The receiving medium was continuously stirred 

(600 rpm) with a magnetic bar to avoid stagnant aqueous diffusion layer effects. 200 μl 

sample of each hydrogel formulation containing 0.25% w/v doxycycline was prepared 

and placed in the donor compartment, which was then sealed with parafilm and 

aluminum foil to prevent evaporation. Aliquots (200 μL) were collected from the receiver 

compartment at predetermined intervals and replaced with equal volume of PBS to 

maintain sink conditions throughout the study. The concentration of doxycycline in the 

release medium was determined using RP HPLC. The cumulative amount of doxycycline 

released from the hydrogel was determined using a calibration curve. All release 

experiments were done in quadruplicate and the results were reported as mean ± SEM. 

The release data were fitted using a two-phase exponential association equation in 
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GraphPad Prism 4 software. Two way ANOVA was used to determine the effect of 

hydrogel composition on the in vitro doxycycline release. 

6.2.7 Ex vivo evaluation using Rabbit Cornea Organ Culture Model+ 

A rabbit cornea organ culture model system adapted from Foreman, et al [259] was used 

to evaluate healing after exposure to model vesicants CEES and NM, followed by 

subsequent treatment with doxycycline drops or doxycycline hydrogels. Rabbit eyes were 

stored in DMEM (with penicillin, streptomycin, amphotericin B and gentamicin) and 

transported to the laboratory on ice. Corneas with a surrounding 2 mm scleral rim were 

dissected from the eye and placed with the epithelial side facing down into spot plates 

containing a small amount of DMEM to prevent drying of the epithelium. The corneal 

endothelial concavity was then filled with DMEM containing 0.75% agar at 50°C and 

this mixture was allowed to set (usually within 1 min). Corneas were then inverted and 

transferred to 60 mm sterile tissue culture dishes and cultured at 37°C in a humidified 5% 

CO2 incubator in the presence of medium (500 mL high glucose DMEM, 5 mg 

ciprofloxacin, 5 mL of 100x MEM- NEAA, 5 mL RPMI 1640 vitamin solution and 50 

mg ascorbic acid). To moisten the epithelium, 500 μL of medium was added drop wise to 

the surface of the corneal epithelium every 8 h. The level of medium in dishes was 

allowed to rise only to the corneal-scleral rim. All agents were added drop wise to the 

central cornea. Either 200 nmoles CEES (dissolved first in absolute ethanol and then 

DMEM) or 100 nmoles NM (dissolved first in saline and then DMEM) were applied onto 

the cornea and allowed to remain there unwashed for 2 h. The 2 h time period 

approximately simulates the time that would pass before an exposure is recognized 

(based on the delayed times for tearing and pain) and medical help is secured. 

 



90 
 

6.2.7.1 Permeation of doxycycline through vesicant exposed rabbit’s cornea 

Permeability studies were performed in a Franz diffusion cell apparatus to evaluate the 

effect of vesicants on permeability barrier properties of cornea. Corneas in the organ 

culture were treated with either 100 nmoles CEES or 200 nmoles CEES or 100 nmoles 

NM and put into designated incubator at 37oC for 2 h. Corneas untreated with either of 

the above vesicants were used as controls. After 2 h, the corneas were placed horizontally 

on the receptor compartment with the endothelial surface facing the receiver 

compartment of the Franz diffusion cell set up. The donor half cell was carefully placed 

on top of the receptor half cell and clamped. 200 μL sample of 15% (1:2) hydrogel 

encapsulating 0.25% w/v doxycycline was placed in the donor compartment. Aliquots 

(200 μL) were collected from the receiver compartment at predetermined intervals and 

replaced with equal volume of PBS to maintain sink conditions through out the study. 

The concentration of doxycycline in the release medium was determined using a RP 

HPLC as described above. The cumulative amount of doxycycline permeated through the 

corneas was determined using a calibration curve. All permeation experiments were done 

in triplicate and the results reported as mean ± SEM. Two way ANOVA was used to 

determine the statistical significance of permeation between different treatment groups.  

6.2.7.2 Wound healing efficacy of doxycycline loaded hydrogels on corneas exposed 
to CEES and NM 

The corneas in organ culture were exposed to either 200 nmoles CEES or 100 nmoles 

NM and incubated for 2 h at 37oC. Medium was replaced with fresh medium after 2 h and 

then each cornea was treated with doxycycline. Doxycycline solution (2M in 50 μl) was 

added drop wise to the central cornea 3 times over the subsequent 24 h, whereas 15% 
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(1:2) doxycycline hydrogel (6M in 50 μl) was applied once. After 24 h, the corneas were 

put in cryomolds containing Tissue-Tek O.C.T. compound with the epithelial side facing 

down and placed on ice for 15 min before snap freezing them in liquid nitrogen. Corneas 

were stored at -80oC until sectioned for histology and immunofluorescence (IF) analysis. 

The 10 μm corneal sections were stained using a modified Hematoxylin & Eosin (H & E) 

staining method.  The corneal sections were fixed in a Pen-Fix solution for 60 s, stained 

with H & E, dehydrated through graded alcohols, immersed in xylene and covered with a 

cover slip. Digital images were captured with a light microscope at 40x magnification. 

6.2.7.3 Detection of MMP-9 in vesicant exposed and treated corneas by 
immunofluoroscence 

The sectioned corneas (10 μm) were fixed in 100% methanol for 10 min at -20oC. After 

rinsing with PBS nonspecific binding was blocked with 5% normal goat serum for 1 h. 

The blocking agent was removed and the sections were incubated with primary mouse 

anti human MMP-9 monoclonal antibodies (1:400) overnight at 4oC. Sections were 

blotted and washed four times with PBS/Tween and incubated for 1 h at RT in dark with 

Alexa-Fluor 488-conjugated goat anti-mouse IgG secondary antibodies (1:1000).  The 

sections were washed with PBS/Tween, counterstained with DAPI for 5 min, mounted 

with Prolong gold and cover slipped. Negative controls replaced primary antibodies with 

PBS. Digital epifluorescent images were captured from a light microscope at 494 nm 

excitation and 517 nm emission and acquired at 10x magnification.  
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6.3 Results and Discussion 

6.3.1 Mechanism of hydrogel formation 

Hydrogels were formed by the intermolecular crosslinking of polymer chains, resulting 

from the reaction of eight-arm PEG polymers containing the thiol groups (8-arm-PEG-

SH) with another eight-arm polymer containing the N-hydroxysuccinimidyl ester groups 

(8-arm-PEG-NHS) at RT in aqueous buffer (PBS, pH 8) (Scheme 6.1). The thiol groups 

are known to react with active esters under neutral to slightly alkaline pH to give 

thioester bonds (Scheme 6.2). The thioester bonds are hydrolytically labile and therefore 

impart in vivo biodegradability to the hydrogel network under physiological conditions 

[260].  

 

Hydrogels of different compositions (5-22.5% w/v) were formed by varying the 

concentration and ratios of the two polymers (Table 6.1). Hydrogels were not formed 

when polymer concentrations were less than 5%, possibly due to insufficient 

intermolecular crosslinking. The 5% (1:1), 7.5% (1:1), 7.5% (1:2), 10% (1:1), 15% (1:1), 

15% (1:2), 22.5% (1:2) hydrogels were formed in 90, 85, 75, 65, 55, 45 and 30 s, 

respectively. Thus, an increase in polymer concentration results in faster hydrogel 

formation due to more efficient crosslinking reaction. The faster hydrogel formation with 

1:2 stoichiometries is due to the fact that the NHS ester has a half life of ~1 h at room 

temperature at pH ~8 [261]. Consequently, when the NHS ester is present only in 

equimolar concentrations, there is a possibility of incomplete reaction. The presence of 

NHS ester in excess (1:2) excludes this possibility and also explains the reason behind 

faster hydrogel formation using 1:2 stoichiometries. 
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6.3.2 OT 

Formulations developed for the eye should ideally be transparent and therefore OT 

measurements were carried out at 480 nm using a UV-Vis spectrophotometer. Hydrogels 

with OT ≥90% were classified as transparent, those in the 10-90% range were classified 

as translucent, and those ≤10% as opaque [185]. The % OT of various hydrogels is 

shown in Figure 6.1 and as can be seen from the figure, all hydrogels used in this study 

are transparent. It was also observed that a change in hydrogel composition produces a 

statistically significant effect (p<0.05) on their optical transmission properties. An 

increase in the concentration of 8-arm-PEG-SH and/or 8-arm-PEG-NHS resulted into a 

slight decrease in the transparency of the hydrogels. The transparent characteristic of 

these hydrogels could be beneficial for their use as ocular drug delivery systems.  

6.3.3 Rheology 

The retention behavior and physical integrity of hydrogels can be assessed in vivo by 

measuring their mechanical strength and viscoelastic properties [143, 144]. Hydrogels 

with good mechanical strength are expected to maintain their integrity and help prevent 

physical drug loss from blinking in vivo [147]. The viscoelastic properties of the 

hydrogels were evaluated by strain sweep test (Figure 6.2) and frequency sweep test 

(Figure 6.3). The strain sweep test allows the determination of linear viscoelasticity 

(LVE) range and the subsequent choice of strain value to be used in the frequency sweep 

test. The frequency sweep test provides a ‘fingerprint’ of the viscoelastic system under 

non destructive conditions [145, 146]. Both the strain sweep test and frequency sweep 

test are used to obtain the rheological parameters G’ (storage/elastic modulus), G’’ 
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(loss/viscous modulus) and loss tangent/phase angle (tan δ = G’’/G’). G’ represents the 

elastic storage of energy and is a measure of how well-structured a hydrogel is. G’’ 

represents the viscous energy dissipation and changes depending on the viscosity of the 

hydrogel. The strain sweep test results suggest that G’ dominates in both the formulations 

and this is supported by the results obtained from the frequency sweep test. Since G’ was 

one order higher than G’’, the hydrogels are more elastic than viscous in the investigated 

frequency range. Figure’s 6.2 and 6.3 also show that G’ is independent of frequency and 

strain whereas G’’ is weakly dependent on both. The hydrogels crosslinked in a 1:2 ratio 

have slightly higher G’ and G” than hydrogels crosslinked in a 1:1 ratio. This can be 

attributed to the formation of denser and stronger crosslinking networks in 1:2 hydrogels. 

 

A change in hydrogel composition resulted in a statistically significant effect (p<0.001) 

on the mechanical strength of the hydrogels. The hydrogels containing higher 

concentrations of polymers [15% (1:1) and (1:2)] showed a higher and constant G’ under 

increasing frequency, suggesting that the hydrogels have the ability to resist structural 

changes under strain. The small tan δ values indicate that G’ is the dominant feature in all 

the hydrogels and that variations in hydrogel composition do not result in extreme 

variations in rheological parameters. The rheological data show that the hydrogels have 

good viscoelastic properties, which might help prolong their ocular residence time and 

prevent structural breakage. An increased contact time in turn may lead to an increased 

duration of pharmacological response.   
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6.3.4 Swelling studies 

Hydrogels are swelling controlled systems and the degree of swelling is a measure of the 

crosslinking density of hydrogels, which is also important for regulating their pore size. 

The equilibrium degree of swelling of a hydrogel directly influences the rate of water 

sorption, the permeability to drugs and the mechanical strength of the hydrogel. 

Therefore, the effect of concentration of the polymers on the degree of swelling was 

determined. Figure 6.4 shows the degree of swelling expressed as percent swelling 

plotted against time for 5% (1:1), 7.5% (1:1), 7.5% (1:2), 10% (1:1), 15% (1:1), 15% 

(1:2) and 22.5% (1:2) hydrogels. The hydrogels in this study showed a relatively lower 

degree of swelling (<7%) when compared to other hydrophilic hydrogels reported in the 

literature [123, 124]. The hydrogels crosslinked in a 1:1 ratio initially swelled rapidly, 

and then gradually reached equilibrium. Furthermore, the hydrogels crosslinked in a 1:2 

ratio showed a much lower degree of swelling (<3%) than hydrogels crosslinked in a 1:1 

ratio (<7%). A change in hydrogel composition resulted in a statistically significant effect 

(p<0.001) on the degree of swelling. Hence, a smaller pore size of the hydrogels obtained 

from increasing the polymer concentration or crosslinking ratio results in a lower degree 

of hydrogel swelling [193, 194].  

6.3.5 In vitro doxycycline loading and release 

Doxycycline loading efficiency results show that 22.5% (1:2), 15% (1:2), 15% (1:1) and 

10% (1:1) hydrogels resulted in doxycycline loading efficiencies of 44.7, 47.5, 51.4 and 

48.2%, respectively. Higher drug loading efficiency was observed when equivalent ratios 

of the polymers were used. 
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The doxycycline release profiles from different hydrogels were studied in vitro using a 

Franz diffusion cell apparatus. A plot of cumulative amount of doxycycline released 

(μg/cm2) as a function of time (h) (Figure 6.5) demonstrates that doxycycline entrapped 

in the hydrogel shows sustained drug release for about 7 days (168 h) with 80 to 100% of 

doxycycline being released from different formulations. From Figure 6.5, it appears that 

as the total concentration of the polymers increased in the hydrogels, the release of 

doxycycline was sustained. Also, as the crosslinking density increases from 1:1 to 1:2 in 

the hydrogels, a slower sustained doxycycline release was observed. A statistically 

significant (p<0.001) decrease in drug release was observed as the polymer concentration 

and crosslinking density increased in the hydrogels. The formation of a well-defined 

crosslinked network contributes to the decreased pore size and slower drug release from 

the hydrogels. The release data were fitted using two-phase exponential association 

equation in GraphPad Prism 4 software. The goodness of fit for the different hydrogels 

varied from 0.87 to 0.99.   

 

The relative influence of diffusion and polymer relaxation on the mechanism of 

doxycycline release was determined by fitting the experimental data (first 60% of the 

total amount released) to the Ritger-Peppas equation [140]. 

nt kt
M
M

=
∞

   (2) 

In Equation 2, Mt/M∞ is the fractional release of the drug, k is the proportionality 

constant, n is the diffusional exponent and t is the time. The diffusion exponent was 

calculated from the slope of the natural logarithmic values (ln) of the fractional release as 

a function of time (Table 6.2). The release mechanism for all of the hydrogels was found 
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to be Non-Fickian or Anomalous suggesting that the rates of diffusion and polymer 

relaxation are comparable (0.5<n<1). Doxycycline release was dependent on water 

migration into the hydrogel and drug diffusion through continuously swelling hydrogels.  

 

Table 6.2 shows the flux and diffusion exponent (n) values for various hydrogel 

formulations. Flux was calculated from the slope of the linear portion of the cumulative 

amount of doxycycline released (μg/cm2) as a function of time (h) plot. The order of flux 

and diffusional exponent for the hydrogels is 10% (1:1) > 15% (1:1) > 15% (1:2) > 

22.5% (1:2). The flux values decreased with increasing polymer concentration and 

crosslinking density. This can be attributed to the smaller pore size of the hydrogels 

resulting in a lower degree of swelling and slower drug release. The in vitro release 

studies show that by changing the concentration of the polymers and crosslinking density, 

drug release from hydrogels can be tailored.  

6.3.6 Ex vivo evaluation using Cornea Organ Culture Model 

6.3.6.1 Permeability studies 

Permeability studies were performed to evaluate the barrier function (transcorneal drug 

permeability) of vesicant-exposed corneas. The corneal epithelium is generally the rate 

limiting barrier to ocular penetration of topically applied drugs [73, 74]. The barrier is 

primarily due to the presence of annular tight junctions (zonula occludens), which 

completely surround and effectively seal the corneal epithelial cells, thus providing a 

diffusional barrier to drug absorption into the anterior chamber of the eye [72]. The 

permeability properties of vesicant-exposed corneas were expected to increase by 

disrupting the zonula occludens. Since the absorption-controlling biological membrane 
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(i.e., cornea) would no longer be functional, the hydrogel delivery system would have to 

provide the rate controlling properties.  

 

OT, rheology, degree of swelling and in vitro drug release properties of the hydrogel 

were considered for selection of the appropriate composition of hydrogel to be applied on 

the cornea. The 15% (1:2) hydrogel showed high OT (>97%), high mechanical strength 

(G’ >10000 Pa), low degree of swelling (<2%), slow sustained drug release (89% 

doxycycline released in 168 h)  and therefore it was chosen for further studies including 

evaluation of corneal permeation and wound healing efficacy. Even though the 22.5% 

(1:2) hydrogel showed desirable physicochemical properties (OT>96%, <2% degree of 

swelling and 80% doxycycline released in 168 h) , the 15% (1:2) hydrogel was preferred 

since it satisfied the requirements for an ideal ocular drug delivery system at lower 

polymer concentrations.  

 

The permeation profiles of doxycycline through CEES and NM-exposed corneas were 

evaluated for 24 h using a Franz diffusion cell apparatus. Figure 6.6 shows a plot of the 

cumulative amount of doxycycline permeated (μg/cm2) as a function of time (h). Table 

6.3 shows the lag times and permeability coefficients of doxycycline permeation through 

CEES and NM-exposed cornea. The lag time for doxycycline permeation was determined 

by extrapolating the linear portion of the permeation curve to x-axis. Flux (J) was 

obtained from the slope of the linear portion of the permeation curve and permeability 

coefficient (P) was calculated from flux using the equations below. 

Adt
dQJ

.
=    (3) 
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oC
JP =    (4) 

Where J indicates the steady state flux, dQ the amount of drug permeated, A the corneal 

area exposed, dt the time of permeation and C0 represents the initial drug concentration in 

the donor compartment.  

 

The permeability of doxycycline through CEES and NM-exposed corneas was 

significantly higher than untreated corneas (p<0.0001) by 2.5 to 3.3 fold. The cumulative 

amount of doxycycline permeated through vesicant-exposed corneas is almost equal to 

the cumulative amount released in 24 h, which verifies that corneal epithelium no longer 

acts as a barrier for permeation of drugs after exposure.  

 

The two major factors that determine ocular drug absorption to the anterior ocular tissues 

via transcorneal absorption are ocular contact time of the delivery system and drug 

permeability in the cornea [262]. The contact time of most conventional ocular solutions 

ranges between 5-25 minutes due to eye blinking and tear drainage that promote rapid 

clearance and reduced bioavailability, resulting in a short duration of pharmacological 

response in the eye [76, 78-80]. In our previous report [77] we showed that hydrogel drug 

delivery system can improve pharmacological efficacy by increasing the ocular residence 

time. Since the corneal epithelial barrier is compromised when exposed to vesicants, the 

current hydrogel system can be expected to promote wound healing not only by 

prolonging ocular contact time but also by providing a continuous drug release at the 

injury in a sustained manner.  
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6.3.6.2 Wound healing efficacy of doxycycline loaded hydrogels on corneas exposed 
to CEES and NM. 

CEES (half mustard, 2-chloroethyl ethyl sulfide) and NM (nitrogen mustard, 

mechlorethamine hydrochloride) are structural analogs of SM and have been used widely 

as surrogates to simulate SM injury in the eyes, lung and skin without the need for a 

specialized containment facility [196, 199-204]. Four corneas were evaluated for wound 

healing efficacy in each treatment group and representative H & E stained histological 

sections are shown in Figure 6.7. The doxycycline solution was applied drop wise three 

times over the 24 h time period (every 8 h).  The doxycycline 15% (1:2) hydrogel was 

applied as a solution that gelled in a few seconds after instillation onto the cornea. The 

hydrogel formed a thin transparent film, and likely because of its high water content, the 

hydrogel was retained in place for the entire duration of the study (24 h). This adherence 

is analogous to a contact lens where the attraction between the lens polymer and the tear 

film on the cornea holds the lens in place [263, 264]. 

 

The histology of the control cornea showed an epithelium with normal thickness and an 

intact stroma with corneal keratocytes separated by extracellular matrix. The controls 

treated with hydrogel (not shown) and doxycycline hydrogel were very similar to the 

controls demonstrating that the hydrogel did not cause damage to the cornea. The CEES-

exposed corneas exhibited a loss of distinctness of the epithelial-stromal border with 

frequent dipping into the stroma (also known as pitting). This visible damage, seen in foci 

throughout the cornea at the epithelial-stromal junction was expected, since this is the 

known target area of vesicants. In addition, the cells of the anterior stroma were swollen. 

CEES-exposed corneas treated with doxycycline in solution have an epithelial-stromal 
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border that appears more normal when compared to those without treatment. The 

epithelial cell layer demonstrated less pitting, looking more like control tissues. CEES-

exposed corneas treated with doxycycline hydrogel were similar to those treated with 

doxycycline solution, and thus were also much more normal in appearance than CEES-

exposed corneas. The flattening of the epithelial-stromal border suggests that these 

corneas are perhaps more like controls than the CEES-exposed corneas treated with 

doxycycline solution. CEES causes mild damage, and therefore the difference in corneal 

wound healing efficacy between doxycycline solution and the doxycycline hydrogel 

would be expected to be minimal. The most significant differences that were seen 

indicated that the hydrogel ameliorated pitting.  

 

Severe damage to the epithelium with NM causes epithelial cell sloughing, epithelial cell 

dissociation and pitting. The epithelium is detached from the stroma and the epithelial 

cells are separated, apparently having lost their cell to cell junctions. Where the 

epithelium is still attached, the basal cell nuclei appear to be more distant from the stroma 

than in controls. When treated with doxycycline in solution for 24 h after NM exposure, 

the epithelial-stromal border is somewhat improved. However there are still many areas 

where the epithelium is detached from the stroma and in areas where the epithelium and 

stroma are still attached, the basal cell nuclei were more distant from the stroma than in 

controls. For NM-exposed samples treated with doxycycline hydrogel, the epithelium 

remains attached to the basement membrane in most areas and shows a significant 

improvement in the appearance of the epithelial-stromal border. Doxycycline in solution 

probably did not show superior efficacy because drop wise application on a curved 
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surface would favor a low retention time and only a small percentage of the doxycycline 

would be expected to remain in the wound area. The PEG doxycycline hydrogel on the 

other hand showed a great improvement over the NM-exposed corneas. In a sense, it 

acted as a bandage, improving the doxycycline-cornea contact time and preventing 

epithelial sloughing. The higher wound healing efficacy of doxycycline loaded hydrogels 

compared to doxycycline in solution most likely is due to the increased contact time and 

sustained doxycycline release.  

6.3.6.3 Detection of MMP-9 in vesicant exposed and treated corneas by 
immunofluoroscence 

MMP-9 is a corneal epithelial product upregulated by wounding [246] and is specifically 

localized at the edge of the migrating epithelial sheet. MMP-9 spreads distally throughout 

the wound site, in a timely manner correlating with remodeling at the basement 

membrane zone.  Very low amounts are seen in unwounded corneas [9, 265]. The IF 

staining of corneas exposed to CEES and NM, and subsequently treated with doxycycline 

either in solution or hydrogel for 24 h are shown in Figure 6.8. In the controls, a very 

small amount of MMP-9 staining (green) is seen under the basal epithelial cells in the 

basement membrane zone. The staining at the apical epithelial cells is typical of the 

corneal epithelium’s auto-fluorescence. Others have verified that staining in the basal 

epithelial cells in the basement membrane is real MMP-9 IF [9, 265]. Nuclei were stained 

blue. 

 

For CEES exposed corneas, there is a moderate increase in MMP-9 staining observed in 

the basement membrane zone, apical cells and a small amount throughout the epithelium. 
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For CEES-exposed corneas subsequently treated with doxycycline in solution, there is a 

slight, if any, decrease in staining. However, applying a doxycycline hydrogel after CEES 

exposure reduces immunoreactivity in the basement membrane zone and returning the 

sub epithelial expression to its original low MMP-9 levels. 

 

For NM-exposed cornea, a drastic increase in MMP-9 staining was observed at the 

basement membrane zone, reflecting the greater wounding by NM.  The corneas exposed 

to NM, then treated with doxycycline in solution showed a less intense level of 

fluorescence. However, in this treatment group, there remained many areas where the 

epithelial cells were totally detached from the stroma. In this case there were few 

epithelial cells to secrete MMP-9 and thus there was a lower intensity of fluorescence in 

those areas. For NM-exposed samples treated with doxycycline hydrogel, the 

fluorescence was significantly less intense than NM exposure without treatment. Most 

areas show the epithelium to be in contact with the stroma. Hence intervention of MMP-9 

activity with doxycycline hydrogels should be pursued as a potential treatment option for 

healing of mustard injuries in the eye. 

6.4 Conclusions 

Mustard injuries to the cornea have been shown to upregulate MMP-9. Thus agents that 

inhibit MMPs such as doxycycline are being evaluated as potential therapeutics. In the 

current study, the results suggest that doxycycline delivered by the hydrogel will be more 

effective for treatment of mustard injuries than doxycycline applied in solution. The in 

situ PEG hydrogels prepared and evaluated in the current study are biodegradable and 

optically transparent. They show resistance to external forces and provide sustained 
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doxycycline release for up to 7 days. These hydrogel formulations can be administered as 

a solution which rapidly forms a hydrogel capable of withstanding shear forces in the 

eye. As expected, the permeability studies show that the barrier property of the cornea is 

compromised when exposed to vesicants, further allowing drug access to the cornea. The 

ex vivo histology and immunofluorescence results show that the hydrogel formulation 

provides a superior wound healing response compared to a similar dose of drug in 

solution. This is likely due to prolonged corneal contact time over the curve of the 

corneal surface. Overall, the results support the rationale behind using PEG-based 

hydrogels as ocular drug delivery systems.  
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6.5 Tables 

Table 6.1. Composition of 0.25% w/v doxycycline PEG hydrogel formulations evaluated 

in the current study. 

 
Hydrogel  composition  

Polymer ratios 

 

Gelation time 

(s) 
8-arm-PEG-

SH (% w/v) 

8-arm-PEG-

NHS (% w/v) 

Total weight of 

polymers (% 

w/v) 

(1:1) 90 

 

5 5 5 

(1:1) 85 7.5 7.5 7.5 

(1:2) 75 5 10 7.5 

(1:1) 65 10 10 10 

(1:1) 55 15 15 15 

(1:2) 45 10 20 15 

(1:2) 30 15 30 22.5 
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Table 6.2. Estimation of flux and diffusion exponent (n) for various hydrogel 

formulations. 

%Hydrogels 

(PEG-SH:PEG-NHS) 

Flux (J) 

(μg/cm2 sec-1) x 10-6

Diffusion exponent 

( n ) 

 

20 % w/v (1:1) 

30 % w/v (1:1) 

30 % w/v (1:2) 

45 % w/v (1:2) 

 

 

4.34 

3.94 

3.85 

3.22 

 

 

0.95 

0.92 

0.81 

0.74 
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Table 6.3. Estimation of lag time and permeation coefficient of doxycycline through 

vesicant-exposed corneas 

Cornea exposed to 
vesicants 

Permeation coefficient (P) 

(cm h-1) x 10-4

Lag time 

( h ) 
 

Unexposed (Control) 

CEES (100 nmoles) 

CEES (200 nmoles) 

NM (100 nmoles) 

 

 

15.11 ± 0.8217 

36.76 ± 1.744 

50.46 ± 1.838 

41.15 ± 1.849 

 

 

3.339 

2.496 

2.665 

2.925 
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6.6 Figures 

 
 
 

Scheme 6.1. Hydrogel formation by intermolecular crosslinking of PEG polymers containing mutually 

reactive thiol (8-arm-PEG-SH) and N-hydroxysuccinimidyl ester (8-arm-PEG-NHS) groups at room 

temperature in buffer (pH 8).  The hydrogel networks are produced by the formation of thioester bonds. 
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Scheme 6.2. Mechanism of formation of thioester bonds by reaction of thiol group with N-

hydroxysuccinimidyl ester. The 8-arm-PEG-SH (I) exists as a thiolate (II) in PBS (pH 8), which acts as a 

nucleophile and attacks the carbonyl carbon of 8-arm-PEG-NHS (III) to form the intermediate (IV) leading 

to the formation of thioester bonds accompanied by the cleavage of N-hydroxysuccinimide. 
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Figure 6.1. Optical transmission of 5% (1:1), 7.5% (1:1), 7.5% (1:2), 10% (1:1), 15% (1:2), 15% (1:1), and 

22.5% (1:2) hydrogels. All the hydrogels were found to be transparent. A change in hydrogel composition 

resulted in a statistically significant effect (p<0.05) on their optical transmission properties. A slight 

decrease in transparency of the hydrogels was observed with an increase in the polymer concentration and 

their crosslinking ratios. 
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Figure 6.2. Influence of strain on G’ (A) and G’’ (B) of 5% (1:1), 7.5% (1:1), 7.5% (1:2), 15% (1:1), and 

15% (1:2) hydrogels. The strain sweep test establishes the range of linear viscoelasticity (LVE) for the 

hydrogels. 
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Figure 6.3. Influence of frequency on G’ (A) and G’’ (B) of 5% (1:1), 7.5% (1:1), 7.5% (1:2), 15% (1:1), 

and 15% (1:2) hydrogels. The frequency sweep test shows that the hydrogels are more elastic than viscous 

and that they have the ability to resist structural changes under strain. A change in hydrogel composition 

resulted in a statistically significant effect (p<0.001) on the viscoelasticity of the hydrogels. 
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Figure 6.4. Effect of polymer concentration and crosslinking density on the swelling kinetics of 5% (1:1), 

7.5% (1:1), 7.5% (1:2), 10% (1:1), 15% (1:1), 15% (1:2), and 22.5% (1:2) hydrogels. The higher the 

concentration of polymers and crosslinking density, the lower is the degree of swelling. 
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Figure 6.5. Cumulative amount of doxycycline released as a function of time for hydrogels: 10% (1:1), 

15% (1:2), 15% (1:1), and 22.5% (1:2). The release data were fitted using a two-phase exponential 

association equation in GraphPad Prism 4 software. The goodness of fit varied from 0.87 to 0.99. The 

release mechanism is non-Fickian or anomalous involving both diffusion and polymer relaxation 

(0.5<n<1). 
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Figure 6.6. Cumulative amount of doxycycline permeated as a function of time through cornea exposed to 

different concentrations of CEES and NM. The permeability of doxycycline through CEES and NM-

exposed corneas was significantly higher than the controls (p<0.0001) by 2.5 to 3.3 fold. 
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Figure 6.7. H & E staining to visualize the histology of CEES and NM-exposed corneas treated for 24 h 

with doxycycline in solution or in a hydrogel.  The damaged area is where the epithelium meets the stroma. 

The wound healing efficacy of doxycycline solution was close to the doxycycline hydrogel for CEES 

exposed corneas, as the extent of damage was comparatively mild. However, a superior wound healing 

efficacy was observed with hydrogels over solutions when harshly damaged NM-exposed corneas were 

treated with doxycycline. 
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Figure 6.8. Immunofluorescent staining of corneas exposed to CEES and NM and subsequently treated 

with doxycycline either in solution or hydrogel. The intensity of MMP-9 staining, increased from exposure 

to CEES and NM, was significantly decreased by doxycycline both in solution and hydrogel. However, the 

doxycycline hydrogel also improved the attachment between the epithelium and stroma after NM exposure. 

This demonstrated that the doxycycline hydrogel formulation was more effective than doxycycline in 

solution. 
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7 DOXYCYCLINE HYDROGELS WITH REVERSIBLE CROSSLINKS 

FOR DERMAL WOUND HEALING APPLICATION 

7.1 Introduction 

Sulfur Mustard (1, 5-dichloro-3-thiapentane; SM) is a blistering/vesicating agent that was 

used widely for chemical warfare in the past century. Injuries produced by SM are more 

pronounced in the eye, lung and skin [1]. SM rapidly penetrates the skin causing edema, 

erythema blisters, lesions, ulceration and necrosis. The clinical signs of injury are delayed 

2-24 h after exposure depending on temperature, moisture, anatomical location of the site 

of exposure and also on the absorbed dose [3, 43]. Although the molecular mechanisms 

of SM induced injury are unclear, SM can alkylate DNA, RNA, proteins and 

phospholipids causing inflammation, tissue damage and cell death [1, 3, 54, 196]. In 

recent years, the targeting of civilian populations by groups willing to employ chemical 

warfare agents has intensified the need to develop countermeasures. The most devastating 

aspect of SM exposure is that wound healing occurs over a prolonged time period as 

compared to other blister-forming injuries resulting from, for example ultraviolet (UV) 

exposure [43]. SM exposure on skin elicits an inflammatory response that results in 

increased production of several inflammatory cytokines like interleukins (IL-8, IL-6, IL-

1α, IL-1β), tumor necrosis factor α (TNF-α), nuclear transcription factor kappa B (NF-

κB), along with induction of matrix metalloproteinase-9 (MMP-9) [12, 13, 43, 64, 227-

237]. 
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 Doxycycline is a Food and Drug Administration (FDA) approved antibiotic that could 

potentially promote dermal wound healing by reducing inflammation and protease 

activity at the wound site. It is a tetracycline analog with anti-inflammatory properties 

that also acts by inhibiting MMP-9 independent of its antimicrobial properties. Since 

drugs delivered orally have limited bioavailability in the skin and can often result in 

systemic toxicity, therapy involving local drug administration is preferred to limit 

systemic toxicity while increasing drug concentration at the site of injury [100, 101]. 

 

Traditionally, the dermal wound healing agents included liquid and semi-solid 

formulations have short residence time on the wound site, especially where there is a 

measurable degree of exuding wound fluid [94]. Conventional dry dressings like cotton, 

wool, gauze, lint and bandages shed fibers into the wound, adhere to the wound base and 

do not provide a moist wound environment [266]. Recently developed wound dressings 

represent an improvement over traditional wound healing agents that essentially retain 

and create a moist environment around the wound to facilitate wound healing. Modern 

dressings are classified according to the materials from which they are produced, 

including hydrocolloids, alginates and hydrogels, and generally occur in the form of gels, 

thin films and foam sheets [94]. The hydrocolloid dressings are not suitable for infected 

wounds which require a certain amount of oxygen to heal rapidly [95, 97]. Alginate 

dressings require moisture to function effectively and cannot be used for dry wounds, as 

well as wounds covered with hard necrotic tissue as they could dehydrate the wound and 

delay healing [94, 266, 267]. Foam dressings are not suitable for dry epithelializing 
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wounds or dry scars as they rely on exudates to achieve an optimum wound healing 

environment [98].  

 

Hydrogels have been vastly researched for dermal wound healing application in the past 

decade. Hydrogels are a crosslinked network of hydrophilic polymers that have the 

ability to absorb large amount of water and swell, while maintaining their three-

dimensional structure. The advantages of hydrogels compared to other wound dressings 

are fluid absorption, hydration of the wound bed, and cooling of the wound surface, 

which may relieve the symptoms of SM exposure such as erythema, burning, itching, 

pain and cutaneous lesions [165, 166, 268-270]. Hydrogels are permeable to water vapor 

and oxygen, but do not leak liquid water [148]. Depending on the state of hydration of the 

tissue, hydrogels can absorb or donate water to the wound environment [149]. Hydrogels 

leave no residue, are malleable and improve reepithelization of wounds. The maintenance 

of moist wound bed has been widely accepted as the most ideal environment for effective 

wound healing [155]. Many clinical studies attest to the benefits of moist wound healing 

[162] and demonstrate that hydrogel dressings led to quicker healing, reduced pain and 

cost savings when compared to saline dressings [163].  

 

The current chapter focuses on developing topical doxycycline hydrogel formulations for 

the treatment of mustard injured skin. In the current study Nitrogen Mustard 

(mechlorethamine hydrochloride; NM) was used as a surrogate to simulate SM injury in 

the skin without the need for a specialized containment facility [196, 199-204]. 

Poly(ethylene glycol) (PEG) based hydrogels are used since PEG is FDA approved, non-
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toxic, water soluble and highly stable to pH and non immunogenic [77]. The hydrogels 

evaluated in the current study are formed in situ by covalent inter and intramolecular 

crosslinking of polymer chains through reversible disulfide bonds. Fast forming 

doxycycline hydrogels are designed and developed for the treatment of simulated 

mustard injuries using surrogate vesicants and evaluated for their wound healing efficacy 

in an SKH-1 hairless mouse model. 

7.2 Materials and methods 

7.2.1 Materials 

The polymer 8-arm-PEG-SH was custom synthesized by NOF Corporation (White 

Plains, NY). Doxycycline hyclate, Poly Vinyl Pyrrolidone (PVP) and PEG 600 were 

purchased from Sigma-Aldrich (St. Louis, MO). Methanol, acetonitrile, oxalic acid and 

HPLC grade solvents were obtained from Thermo Fisher Scientific (Pittsburgh, PA). 

Rheological evaluations were performed on a SR-2000 rheometer from Rheometric 

Scientific Inc (Piscataway, NJ) equipped with RSI orchestrator software. Drug release 

and permeation studies were performed using Franz diffusion cell apparatus from 

Permgear, Hellertown, PA. Doxycycline was quantified using Waters HPLC system 

equipped with a UV detector and an Eclipse XDB-C8 column (Agilent, Zorbax, 4.6 x 150 

mm) was used to analyze doxycycline concentration. Human cadaver skin was obtained 

from New York Firefighter’s skin bank (New York, NY). Tape stripping was done by 

Scotch magic tape from 3M (St. Paul, MN). A Discovery C18 column (Sigma-Aldrich, 

St. Louis, MO; 125 x 4 mm; 5 μm) was used for Liquid Chromatography and Mass 

Spectroscopy (LC-MS) analysis of doxycycline. LC pump Spectra System P4000, auto 
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sampler Spectra System AS300 and LCQ Deca Mass spectrometer and Xcalibur software 

were purchased from Thermo Finnigan (Thermo Fisher Scientific, Pittsburgh, PA). 

Differential Scanning Calorimetry (DSC) was performed on Q10 differential scanning 

calorimeter and analyzed using Universal Analysis software (TA instruments, New 

Castle, DE).  

7.2.2 Synthesis and characterization of 8-arm-PEG-S-thiopyridyl   

To a stirred solution of 8-arm-PEG-SH (1 g) in acetic acid/methanol (5 mL, 1:20) 2-

aldrithiol (0.210 g) was added and the reaction mixture was stirred for 12 h at room 

temperature (RT) to obtain 8-arm-PEG-S-TP (thiopyridyl terminated 8-arm-PEG). After 

completion of the reaction, the solvent was removed under reduced pressure to get crude 

8-arm-PEG-S-TP. The crude 8-arm-PEG-S-TP was purified by size exclusion column 

chromatography using Sephadex G-25 and water as eluent. The fractions collected were 

lyophilized to get pure compound (Yield: 71 % (0.74 g)), which was characterized by 1H-

NMR, DSC and XPS.  

 

NMR: The 1H NMR spectrum was recorded in CDCl3 on a Varian NMR 500 MHz 

spectrometer facilitated with AutoX probe and VnmrJ software.  

8-arm-PEG-S-TP, 1H-NMR: (CDCl3, 500MHz) δ 3.01 (t, 16H, J = 2, 4 Hz, CH2-S-) 

3.55-3.75 (brm, -CH2-CH2O-PEG chain), 7.15 (t, 8H, J = 2, 4Hz, TP-H), 7.78 (t, 8H, J 

=2, 4 Hz, TP-H) 7.81 (d, 8H, J = 4Hz, TP-H), 8.46 (d, 8H, J = 2Hz, TP-H).  

 

XPS: X ray photoelectron spectroscopy (XPS) was performed using XSAM 800 

KRATOS apparatus with a 127 mm radius concentric hemispherical analyzer (CHA). An 
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Al Kα radiation with photon energy of 1486.6 eV is used as X-ray source; photoelectrons 

are detected by the CHA operated in the fixed retarding ratio mode FRR5 (survey scans), 

and in the fixed analyzer transmission mode FAT80 (detail scans) with pass energies of 

80 eV. One scan is conducted to record the survey spectra, and few scans to record the 

detail spectra. The XPS quantification method, based on the comparison of relative 

intensities of photoelectron peaks, allows the calculation of the atomic fraction for each 

component, assuming their total intensities to be 100% and using the corresponding 

sensitivity factors. The measurements were performed under UHV conditions with a 

residual pressure of about 10-9 Torr.  

 

DSC: Thermograms for 8-arm-PEG-SH and 8-arm-PEG-S-TP were recorded using 

nitrogen as purge gas (flow rate of 50 mL/min). Indium was used to calibrate the enthalpy 

and temperature values. The thermograms were recorded on crimped sealed aluminum 

pans for samples weighing 4 – 6 mg. The heat cool heat cycles were used to record the 

thermograms. The samples were equilibrated at -10°C, ramped at 5°C/min to 200°C, 

quench cooled to -10°C and equilibrated before the second heat cycle at 5°C/min to 

200°C.  

7.2.3 Hydrogel formation 

Hydrogels were prepared by crosslinking of the 8-arm-PEG-SH (20 kDa) branched thiol 

terminated PEG polymer. 8-arm-PEG-SH was crosslinked using either hydrogen 

peroxide (H2O2 hydrogel) or 8-arm-PEG-S-TP (S-TP hydrogel) in the stoichiometric ratio 

of 1:1 in phosphate buffer (PB, pH 8) at RT. The hydrogel compositions were varied 

using different concentrations of polymers as shown in Table 1. Hydrogel formation was 
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determined by the “inverted tube method” and hydrogels were considered to have formed 

once the solution ceased to flow from the inverted tube [258]. Hydrogel disks (200 μL in 

volume, 9 mm in diameter, and 0.3 mm in thickness) were used for evaluating the degree 

of swelling, drug loading efficiency and in vitro release studies.  

7.2.4 Determination of physicochemical properties of the hydrogel 

7.2.4.1 Swelling studies 

The degree of swelling was evaluated for 4 and 8 % H2O2 hydrogels and 5 and 8 % S-TP 

hydrogels. Hydrogels were placed in a vial and weighed prior to being suspended in 5 mL 

phosphate buffer saline (PBS, pH 7.4) and placed in an incubator at 37 oC. The degree of 

swelling of the hydrogels was calculated by weighing the vials after removing the entire 

PBS at predetermined time intervals. The same amount of buffer was replaced after each 

measurement and the hydrogels were allowed to swell until equilibrium was reached. The 

degree of swelling for each hydrogel was determined by using the equation below: 

100% x
W

Swelling
o

)( WW os −
=    (1) 

Where Ws is the weight of the swollen hydrogel at time t and W0 is the initial weight. All 

measurements were made in triplicate for each hydrogel using separate samples and the 

mean ± SEM of the values was reported. Two way analysis of variance (ANOVA) was 

used to determine the effect of hydrogel composition on its degree of swelling. 

7.2.4.2 Effect of formulation additives 
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Glycerin, PVP and PEG 600 were used as additives in the hydrogel formulation. The 

hydrogels comprising these additives are referred hereafter as hydrogels with additives. 

The optimal concentration of additives was determined by measuring the degree of 

dehydration and retention time of hydrogel formulation on mice skin. Rheometry and 

DSC were used to evaluate the effect of additives on the mechanical strength and 

crosslinking properties of the hydrogels, respectively. The retention time (24 h) of 

hydrogels on SKH-1 mouse skin was investigated by visual examination.  

7.2.4.2.1  Rheology 

The rheological measurements of 4 and 8 % H2O2 hydrogels and 5 and 8 % S-TP 

hydrogels in the presence and absence of formulation additives were performed using a 

rheometer with cone plate geometry at 37 °C (plate diameter: 25 mm, gap: 3 mm, 2o 

angle) [143, 144]. The hydrogel samples were equilibrated on the plate for 5 min to reach 

the running temperature before each measurement. Rheological test parameters, 

storage/elasticity (G´) and loss (G´´) moduli were obtained under dynamic conditions of 

non-destructive oscillatory tests. The strain sweep test was performed at a constant 

frequency of 1 Hz with percent strain ranging from 10-1 to 101. The frequency sweep test 

was carried out at a constant strain of 1 % (linear viscoelastic region) with frequency 

ranging from 10-1 to 101 Hz. All the rheological studies were done in triplicate and the 

mean ± SEM reported. Two way ANOVA was used to determine the effect of hydrogel 

composition and formulation additives on its rheological properties. 

7.2.4.2.2  DSC 
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Thermograms for the 4 and 8 % H2O2 hydrogels and 5 and 8 % S-TP hydrogels with and 

without formulation additives were recorded using DSC as described above in section 

7.2.2.  

7.2.5 Reversible nature of hydrogels 

The time for reduction of disulfide bonds in presence of reducing agent was evaluated 

using different concentrations of glutathione (GSH) in PBS pH 7.4. 

7.2.6 In vitro release studies 

7.2.6.1  Drug loading efficiency 

4 and 8 % H2O2 hydrogels and 5 and 8 % S-TP hydrogels were used for drug loading and 

release studies. The hydrogel discs containing 0.25 % w/v of doxycycline were dissected 

into small pieces and suspended into 5 mL PBS (pH 7.4). The suspension was sonicated 

for 30 min to completely extract doxycycline from the hydrogel. The amount of 

doxycycline extracted was quantified by reverse phase (RP) HPLC analysis at a 

wavelength of 350 nm. 0.01M oxalic acid, acetonitrile and methanol (70:18:12) were 

used as mobile phase at a flow rate of 1 mL/min. The retention time for doxycycline was 

6 min. After extraction, the suspension containing the hydrogel was stored for several 

days at 4oC and then reanalyzed to ensure the complete extraction of doxycycline from 

the hydrogel. Doxycycline was stable under the storage conditions used, as determined by 

HPLC analysis. 

7.2.6.2  In vitro doxycycline release 
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In vitro release studies were performed as previously described [271] using a Franz 

diffusion cell apparatus with a diameter of 5 mm and a diffusional area of 0.636 cm2. A 

polycarbonate membrane (0.45 μ) was sandwiched between the lower cell reservoir and 

the glass cell-top containing the sample for doxycycline release studies. The receiving 

compartment (volume 5.1 mL) was filled with PBS (pH 7.4). The system was maintained 

at 37 oC by using a circulating water bath and a jacket surrounding the cell. The receiving 

medium was continuously stirred (600 rpm) with a magnetic bar to avoid stagnant 

aqueous diffusion layer effects. 200 μL of each hydrogel formulation containing 0.25 % 

w/v doxycycline was prepared and placed in the donor compartment, which was then 

sealed with parafilm and aluminum foil to prevent evaporation. Aliquots (200 μL) were 

collected from the receiver compartment at predetermined intervals and replaced with 

equal volume of PBS to maintain sink conditions throughout the study. The concentration 

of doxycycline in the release medium was determined using a RP HPLC as described 

above. The cumulative amount of doxycycline released from the hydrogel was 

determined using a calibration curve. All experiments were done in triplicate and the 

results are reported as mean ± SEM. The release data were fitted using two-phase 

exponential association equation in GraphPad Prism 4 software. Two way ANOVA was 

used to determine the effect of hydrogel composition on the in vitro doxycycline release. 

7.2.7 In vivo studies 

7.2.7.1 Formation of wounds 

SKH-1 hairless mice were used for permeability and wound healing efficacy studies. All 

animal studies were conducted in accordance with the protocol approved by Laboratory 
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Animal Services (LAS), Rutgers University. Dermal wounds were created by topical 

application of 5 μmoles of NM dissolved in acetone to the dorsal skin of mice. A 

standard circular template (15 mm) was used to ensure uniform exposure area on all 

mice. The mice were left in the hood overnight to degas after NM exposure. The mice 

were euthanized by CO2 gas at predetermined time intervals for collection of wounded 

skin or punch biopsies to be used in permeability or wound healing efficacy studies 

respectively.  

7.2.7.2 Permeation of doxycycline through NM-exposed skin 

Doxycycline permeability on mice skin exposed to NM for 0 (control), 24, 72 and 168 h. 

was studied using a similar procedure to the in vitro release studies using a Franz 

diffusion cell set up. Mice skin was placed in PBS (pH 7.4) for 1 h prior to being 

sandwiched between the lower cell reservoir and the glass cell-top. Sample of 

doxycycline (200 μL) in PBS (pH 7.4) was placed in the donor compartment. Aliquots 

(200 μL) were collected from the receiver compartment at predetermined intervals and 

replaced with equal volume of PBS to maintain sink conditions through out the study. 

The concentration of doxycycline in the release medium was determined using a RP 

HPLC as described above. The cumulative amount of doxycycline permeated through 

skin was determined using a calibration curve. All permeation experiments were done in 

triplicate and the results reported as mean ± SEM. Student’s t-test was used to determine 

the effect of barrier properties of NM exposed skin on the permeation of doxycycline. 

7.2.7.3 In vivo wound healing efficacy of doxycycline hydrogels 

7.2.7.3.1 Application of doxycycline hydrogels 
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150 μl of 8 % 8-arm-PEG-SH in PB (pH 8.0) containing 0.25 % w/v doxycycline and 5.4 

μl of H2O2 were applied simultaneously on wounded area of mouse to result in 8 % H2O2 

hydrogels. 80 μl of 8 % 8-arm-PEG-SH in PB (pH 8.0) containing 0.25 % w/v 

doxycycline and 80 μl of 8 % 8-arm-PEG-S-TP in PB (pH 8.0) were applied 

simultaneously on wounded area of mouse to result in 8 % S-TP hydrogels. Both the 

H2O2 and S-TP hydrogels were applied using a double barrel syringe and contain the 

formulation additives 5 % v/v glycerin, 4 % w/v PVP and 5 % v/v PEG 600. 

7.2.7.3.2 Wound healing efficacy  

Five treatment groups (n=5 per group) were evaluated to measure the wound healing 

efficacy of doxycycline loaded H2O2 / S-TP hydrogels on NM wounds. Two hours after 

exposure to NM, the wounded site was either left untreated (control) or treated with 

placebo H2O2/S-TP hydrogels or doxycycline (0.25 % w/v) loaded H2O2/S-TP hydrogels. 

Skin biopsies from the wounded site were collected at 0 (control), 24, 72, 168 and 240 h 

after exposure to NM. For histology analysis, the skin biopsies were fixed in 10 % 

formalin overnight before sectioning and analyzing by hematoxylin and eosin (H & E) 

staining. Digital images were captured with a light microscope at 40 x magnification. 

7.3 Results and Discussion 

7.3.1  Synthesis of 8-arm-PEG-S-TP  

8-arm-PEG-S-TP was prepared by reaction of 8-arm-PEG-SH and 2-aldrithiol in acetic 

acid/methanol. The formation of 8-arm-PEG-S-TP was confirmed by 1H NMR. The 

signals corresponding to the aromatic proton of thiopyridyl groups appear at 7.15, 7.78, 
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7.81 and 8.46 ppm as seen from the proton spectrum of 8-arm-PEG-S-TP. The peaks for 

the PEG chain in 8-arm-PEG-S-TP appear at 3.55-3.75 (-CH2-CH2O-) and 3.01 (-CH2-S-) 

ppm. The results were further affirmed by DSC analysis of the 8-arm-PEG-SH and 8-

arm-PEG-S-TP. Figure 7.1 shows the melting temperatures for 8-arm-PEG-SH and 8-

arm-PEG-S-TP at 53.3°C and 45.81°C. The shift of -7.56°C in the melting of 8-arm-

PEG-SH when converted to 8-arm-PEG-S-TP confirms the substitution of the TP groups 

on PEG. These observations were consistent with those reported in the past [272, 273]. 

Furthermore, XPS analysis was conducted to confirm the number of thiol and nitrogen 

species present on 8-arm-PEG-S-TP. The atoms have valence and core electrons, and for 

each atom the core level binding provides a unique signature of that element. The binding 

energy 399 corresponds to nitrogen 1s/2 and 164 corresponds to sulfur 2p/1 (Figure 7.2). 

These studies confirmed that the ratio between sulfur and nitrogen atoms was 2:1, 

indicative of two sulfur and one nitrogen atom species present in the star shaped 8-arm-

PEG-S-TP (Figure 7.2).  

7.3.2 Hydrogel formation 

Hydrogels with different compositions were investigated for their controlled drug 

delivery application on skin. 8-arm-PEG-SH was crosslinked in presence of either H2O2 

(H2O2 hydrogel) or 8-arm-PEG-S-TP (S-TP hydrogel) resulting in the formation of a 

hydrogel network through disulfide bridges (Scheme 7.1 and Scheme 7.2). The hydrogel 

network in H2O2 hydrogels could result from inter or intramolecular disulfide bridges in 

8-arm-PEG-SH formed due to the oxidation of thiol groups, while the hydrogel network 

resulting from the crosslinking of 8-arm-PEG-SH by 8-arm-PEG-S-TP is exclusively 

through the formation of intermolecular disulfide bridges. 4 and 8 % H2O2 hydrogels and 
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5 and 8 % S-TP hydrogels each containing 1:1 stoichiometric ratios of these components 

to 8-arm-PEG-SH were evaluated in the current study (Table 7.1). The gelation times for 

4 and 8 % H2O2 hydrogels are 75 and 55 s, respectively. The faster formation of 

hydrogels with the increased concentration of polymers might be due to formation of 

rapid and intense crosslinking networks, reducing the time for gelation. The 5 and 8 % S-

TP hydrogels formed in less than 10 s indicating that total polymer concentration has 

little effect on the gelation time of S-TP hydrogels.  

7.3.3 Reversible nature of hydrogels 

Hydrogels with reversible crosslinks were developed for topical wound healing of 

vesicant injuries. Disulfide exchange reaction involves the transfer of existing disulfide 

bond to free thiol containing moieties that are present in the reducing agent. In the current 

study, the reduction of disulfide bonds in hydrogels was investigated using GSH as 

reducing agent. GSH acts as a thiolate moiety at basic and mild acidic conditions and it 

gets oxidized in the process while cleaving the existing disulfide bonds Exchange 

reactions do not change the total number of disulfide bonds but rather shuffle the species 

forming them. The possible products in the presence of excess GSH are 8-arm-PEG-SH, 

8-arm-PEG-S-S-G, G-S-S-G and 8-arm-PEG-SH which may have few arms bearing 

either ‘SH’ or ‘S-S-G’ termini as shown in Scheme 7.3. GSH solutions (1, 3 and 5 % 

w/v) in PBS (pH 7.4) were used to study the reversibility of disulfide bridges in 

hydrogels. It was observed that, 5 % GSH solution cleaved the disulfide bonds in 10 - 15 

min as compared to the 1 and 3 % GSH solutions which required 30 - 40 min and 15 - 20 

min, respectively. These results demonstrate that crosslinks in the H2O2 and S-TP 
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hydrogels can be reversed facilitating easy removal of hydrogels from the damaged tissue 

without the necessity of peeling them off.   

7.3.4 Degree of swelling 

The swelling behavior of hydrogel influences its surface and mechanical properties as 

well as the drug release kinetics. Hydrogels are swelling controlled systems and the 

degree of swelling is a measure of its crosslinking density which is important for 

regulating its pore size. Figure 7.3 shows the degree of swelling expressed as percent 

swelling plotted against time for 4 and 8 % H2O2 hydrogels and 5 and 8 % S-TP 

hydrogels. Both the H2O2 and S-TP hydrogels swelled initially and then gradually 

reached equilibrium. Compared to hydrophilic hydrogels reported in the literature, a 

relatively lower degree of swelling (< 1 % for H2O2 hydrogels and < 1.5 % for S-TP 

hydrogels) was observed in this case [123, 124]. Furthermore, the degree of swelling 

decreased with an increase in polymer concentrations. The decrease in hydrogel swelling 

with increasing polymer concentrations is due to the smaller pore size and higher 

crosslinking densities [193, 194].  

7.3.5 Effect of formulation additives 

The hydrogels in the current study were developed for topical application on skin without 

the presence of adhesive backing materials. Formulation additives like glycerin, PVP and 

PEG 600 were used in the hydrogels to decrease the brittleness caused by water 

evaporation/dehydration and to increase their adhesiveness on skin. Glycerin is a well 

known humectant and plasticizer and was used to prevent dehydration of the hydrogels 

[274]. PEG 600 was used as a plasticizer and humectant [275]. PVP was used to increase 
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adhesiveness of hydrogel on skin and to impart viscosity and film forming ability [276]. 

The optimal concentration of the additives to prevent brittleness and increase retention 

time on mouse skin for upto 24 h was found to be 5 % glycerin, 4 % PVP and 5 % PEG 

600. 

7.3.6 Rheology 

The mechanical strength and viscoelastic properties of the hydrogels were investigated 

using rheological measurements [143, 144] to assess their physical integrity in vivo. 

Viscoelastic properties were investigated because hydrogels with good mechanical 

strength are expected to maintain their integrity and help prevent physical drug loss from 

disintegration of the hydrogel [147]. The rheological studies were performed on 4 and 8 

% H2O2 hydrogels (Figure 7.4) and 5 and 8 % S-TP hydrogels (Figure 7.5), with and 

without formulation additives. The strain sweep test was performed on all the hydrogels 

in order to establish the range of linear viscoelasticity (LVE) and to determine if the 

elasticity of the formulations differed, as expressed by the storage/elastic modulus (G´). 

The strain sweep test results (Figures 7.4A and 7.5A) suggest that G´ dominates in all the 

hydrogels, both with and without formulation additives and this is supported by the 

results obtained from the frequency sweep test (Figures 7.4B and 7.5B). G´ for all the 

hydrogels is one order higher magnitude than G´´ (loss modulus), suggesting that the 

hydrogels are more elastic than viscous in the investigated frequency range.  

 

Figure’s 7.4A and 7.4B show that G´ is independent of frequency and strain for all the 

H2O2 hydrogels with and without additives. However, G´´ is independent of frequency 

and strain only in the H2O2 hydrogels without additives but is weakly dependent on 
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frequency and strain in the H2O2 hydrogels with additives. The G´ and G´´ values are 

almost similar for the hydrogels with and without additives suggesting that formulation 

additives have minimal influence on the rheological properties and hence the physical 

strength of H2O2 hydrogels. 

 

Figures 7.5A and 7.5B show that G´ is independent of frequency and strain for all the S-

TP hydrogels with and without additives. G´´ is also found to be independent of 

frequency and strain in all the S-TP hydrogels with an exception of the 8 % S-TP 

hydrogel without additives which was found to be dependent on frequency. The total 

polymer concentration in the hydrogels was found to influence both G´ and G´´ values for 

all the hydrogels with and without additives.  

 

The loss tangent values (tanδ= G´´/ G´) indicate that the storage modulus is the dominant 

feature in all the hydrogels, as a small tanδ indicates an elastic material. The rheological 

data show that both the H2O2 and S-TP hydrogels have good mechanical properties as 

evident by higher G´ values, which might help prolong their contact time on the skin and 

prevent structural breakage.  

7.3.7 DSC  

The difference in crystallization behavior of polymer networks from that of linear 

polymers is well known [273]. The crosslinking of polymer chains result in a reduction of 

crystallinity. Figure 7.6 shows the influence of polymer concentration and presence of 

additives on melting temperatures of 4 and 8 % H2O2 hydrogels. The H2O2 hydrogels 

with additives show lower crystallization temperature when compared to hydrogels 

 



135 
 

without additives. Also, the crystallization temperatures slightly decreased with an 

increased concentration of polymers indicating higher crosslinking densities. Similar 

results were observed in case of the 5 and 8 % S-TP hydrogels, where a significant 

lowering in crystallization temperature of 8 % hydrogel was observed as compared to the 

5 % hydrogel (Figure 7.7). In case of S-TP hydrogels, the crosslinks are highly defined as 

they result from intermolecular network formed between polymers 8-arm-PEG-SH and 8-

arm-PEG-S-TP. Since PEG chains are bound, there is reduced mobility and a highly 

ordered crystalline structure is not achieved, as reflected by the lower melting 

temperature for S-TP hydrogels as compared to the H2O2 hydrogels. The main reason for 

the observed behavior is the restricted diffusion and orientation of the molten polymer 

chains as a result of crosslinking, and further, the crosslinks get excluded from the 

crystalline phase [273, 277]. The addition of formulation additives further enhances this 

phenomenon of restriction in movement of PEG chains to orient in crystalline phase 

causing a further lowering in melting temperature (Figures 7.6 and 7.7).  

7.3.8 In vitro doxycycline loading and release 

Doxycycline loading efficiency results show that 4 and 8 % H2O2 hydrogels entrapped 

44.38 and 36.42 % w/w of loaded doxycycline. The 5 and 8 % S-TP hydrogels showed 

46.17 and 43.94 % w/w doxycycline loading. The S-TP hydrogels appear to have higher 

drug loading efficiencies than the H2O2 hydrogels. The intramolecular crosslinks (H2O2 

hydrogels) result in a hydrogel with collapsed structure as compared to hydrogels having 

intermolecular crosslinks (S-TP hydrogels) where the polymer branches (or arms) are 

stretched to form crosslinks with other polymer molecule. This could attribute for the 

difference in pore size and hence the drug loading efficiencies of the two hydrogels.   
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The doxycycline release profiles from the four different hydrogels were studied in vitro 

using a Franz diffusion cell apparatus. A plot of cumulative amount of doxycycline 

released (μg/cm2) as a function of time (h) (Figure 7.8) demonstrates that doxycycline 

entrapped in both the H2O2 and S-TP hydrogels showed sustained drug release for about 

10 days (240 h) with 73 to 84 % of doxycycline being released from different 

formulations. A slower drug release is observed for H2O2 hydrogels compared to S-TP 

hydrogels. The swelling data shows that the volume of hydrodynamic water associated 

with 4 % H2O2 hydrogels is lower as compared to the 5 % S-TP hydrogels which 

correlates with the collapsed structure of H2O2 hydrogels arising from intramolecular 

crosslinking. Also a slower doxycycline release was observed for hydrogels with higher 

concentrations of polymers which might be due to the formation of a tighter hydrogel 

network and decreased pore size. The release data were fitted using two-phase 

exponential association equation in GraphPad Prism 4 software and the goodness of fit 

for the different hydrogels varied from 0.83 to 0.96.  

 

The relative influence of diffusion and polymer relaxation on the mechanism of 

doxycycline release was determined by fitting the experimental data (first 60 % of the 

total amount released) to the Ritger-Peppas equation [140]. 

nt kt
M
M

=
∞

   (2) 

In Equation 2, Mt/M∞ is the fractional release of the drug, ‘k’ is the proportionality 

constant, ‘n’ is the diffusion exponent and ‘t’ is the time. The diffusion exponent ‘n’ was 
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calculated from the slope of the natural logarithmic values (ln) of the fractional release as 

a function of time (Table 7.2). The release mechanism for both the H2O2 hydrogels was 

found to be Non-Fickian or anomalous involving both diffusion and polymer relaxation 

(0.5<n<1). The release mechanism for both the S-TP hydrogels was found to be Super 

Case II transport which is due to the relaxation of the polymer as the hydrogel swells  

[278-280]. This correlates well with the swelling data, where the 5 % S-TP hydrogel with 

higher polymer content shows higher swelling as compared to the 4 % H2O2 hydrogel. 

For the drug to diffuse through the hydrogel, the polymeric chains must first relax to 

allow the diffusion process. The hydrogels described in the present study are based on 

PEG, which is a highly hydrophilic polymer with low glass transition temperature (Tg) 

[281]. The Tg of PEG hydrogels was found to be 27-28°C (data not shown). As compared 

to the glassy polymeric materials which exhibit a moving boundary of water phase in 

hydrogel layers, the diffusion of water is rapid in PEG hydrogels thereby attaining a rapid 

equilibrium [282]. This contributes for the observed Super Case II transport, as the 

hydrogel exhibits the ability to imbibe water and swell, and the whole polymer system is 

relaxed. Typically in glassy polymers the Super Case II transport occurs due to a 

plasticization process in the hydrogel layer which arises from a reduction of the attractive 

forces among polymeric chains that increase the mobility of macromolecules [283]. Thus 

diffusion rate increases with an increase in chain mobility and relaxation rate of the 

polymeric chains [284]. Both the non-Fickian and Super Case II transport mechanisms of 

drug diffusion are time dependent (tn-1) [285]. Doxycycline release from both the H2O2 

and S-TP hydrogels was dependent on two simultaneous processes- migration of water 

into the hydrogel and drug diffusion through continuously swelling hydrogels.  
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Table 7.2 shows the flux (J) and diffusion exponent (n) for various hydrogel 

formulations. Flux was calculated from the slope of the linear portion of the cumulative 

amount of doxycycline released (μg/cm2) as a function of time. The flux and diffusion 

exponents decreased with an increase in polymer concentrations for both the H2O2 and S-

TP hydrogels. This indicates a decrease in swelling and pore size of the hydrogels due to 

the formation of a tighter hydrogel. The in vitro release studies show that by changing the 

polymers and their concentrations, drug release from hydrogels can be tailored. 

7.3.9 Doxycycline permeation in NM exposed skin 

Permeability studies were performed to evaluate the barrier function (transdermal drug 

permeability) of vesicant-exposed skin. The stratum corneum is generally the rate 

limiting barrier to dermal penetration of topically applied drugs [90, 91, 238, 239]. The 

permeability property of vesicant-exposed skin is expected to increase by loss of stratum 

corneum and separation of the epidermis and dermis after vesicant exposure [43]. Since 

the biological membrane (i.e., stratum corneum) controlling drug influx would be less or 

no longer functional, the hydrogel delivery system would have to provide the rate 

controlling properties.  

 

The permeation of doxycycline through skin exposed to NM for 0 (control), 24, 72 and 

168 h was evaluated using a Franz diffusion cell apparatus. Figure 7.9 shows the plot of 

cumulative amount of doxycycline permeated (μg/cm2) as a function of time. Table 7.3 

shows the lag times and permeability coefficients of doxycycline permeation through 

NM-exposed skin. The lag time for doxycycline permeation was determined by 
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extrapolating the linear portion of the permeation curve to x-axis.  Flux (J) was obtained 

from the slope of the linear portion of the permeation curve and permeability coefficient 

(P) was calculated from flux using the equations below. 

Adt
dQJ

.
=    (3) 

oC
JP =    (4) 

Where ‘J’ indicates the steady state flux, ‘dQ’ the amount of drug permeated, ‘A’ the 

dermal area exposed, ‘dt’ the time of permeation and ‘C0’ represents the initial drug 

concentration in the donor compartment.  

 

The permeability of doxycycline through NM-exposed skin for variable time points was 

found to increase significantly (p<0.01) compared to the control. The order of permeation 

of doxycycline through NM-exposed skin is 72 h> 168 h> 24 h> control (Table 7.3) 

suggesting that stratum corneum no more acts as a barrier for permeation of drugs after 

vesicant exposure. The order of permeation of doxycycline suggests that highest damage 

after NM exposure is evident at 72 h and the barrier property of skin seems to improve in 

between 72 and 168 h, which is in accordance with the results published by others [203]. 

The two major factors that determine transdermal drug absorption are transdermal drug 

permeability and contact time of the delivery system on skin. Since the barrier property 

of skin is compromised when exposed to vesicants, the current hydrogel system can be 

expected to promote wound healing not only by prolonging the contact time but also by 

providing a continuous drug release at the injury site in a sustained manner.  
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7.3.10 In vivo wound healing efficacy of doxycycline hydrogels 

For wound healing efficacy five mice were evaluated in each treatment group at 24, 72, 

168 and 240 h after NM exposure and representative H & E stained histological sections 

are shown in Figures 7.10, 7.11, 7.12 and 7.13, respectively. The treatments were 

initiated 2 h after NM exposure and this time period approximately simulates the time 

that would pass before an exposure is recognized (based on the delayed times for 

symptoms) and medical help is secured. Two hours after exposure to NM, the wounded 

site was either left untreated (control) or treated with placebo H2O2/S-TP hydrogels or 

doxycycline (0.25 % w/v) loaded H2O2/S-TP hydrogels. The hydrogels described in the 

present study are in situ forming which when applied as a solution on mouse skin gelled 

in a few seconds. A thin film of hydrogel was formed, and because of the presence of 

formulation additives, the hydrogel was retained in place for upto 24 h. The hydrogel 

dressing was changed every 24 h by washing with a solution of 5 % GSH in PBS and the 

reversible nature of the hydrogel helped in its dissolution and easy removal without 

peeling off from wounded skin.  

 

Figure 7.10 shows the histology of mice skin exposed to NM and subsequently treated 

with H2O2/S-TP placebo or doxycycline hydrogels for 24 h. The histology of control skin 

shows an intact epidermis and dermis, healthy nuclei in the epidermis and fibroblasts in 

dermis. The common histological features observed in all treatment groups 24 h after NM 

exposure, were edema (abundance of clear areas in the dermis), shrinkage/condensation 

of nuclei in the epidermis (pyknosis) and infiltration of inflammatory cells (blue colored) 

in the dermis. However, the untreated NM-exposed skin also shows signs of epidermal 
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separation from the dermis and higher infiltration of inflammatory cells compared to the 

placebo or doxycycline hydrogel treated groups. The placebo or doxycycline hydrogel 

treated groups do not show any signs of epidermal separation from the dermis. Hence the 

hydrogel acted as a bandage and prevented the separation of epidermis and dermis. Not 

much difference in histology was seen between the H2O2/S-TP placebo or doxycycline 

hydrogels. 

 

Figure 7.11 shows the histology of mice skin exposed to NM and subsequently treated 

with H2O2/S-TP placebo or doxycycline hydrogels for 72 h. Edema, complete separation 

of epidermis from the dermis, death of epidermal cells (absence of nuclear staining) and 

infiltration of inflammatory cells in the dermis were seen in untreated skin at 72 h after 

NM exposure. The histology of skin treated with both the H2O2 and S-TP placebo 

hydrogels showed edema, pyknotic nuclei in the epidermis and areas where epidermis 

and dermis are slightly separated. The histology of skin treated with both the H2O2 and S-

TP doxycycline hydrogels showed pyknotic nuclei in the epidermis but no separation of 

epidermis and dermis. The placebo and doxycycline hydrogels showed a significant 

improvement over untreated NM-exposed skin. H2O2/S-TP doxycycline hydrogels 

prevented the separation of epidermis from the dermis and hence represent an 

improvement over the H2O2/S-TP placebo hydrogels. 

 

Figure 7.12 shows the histology of mice skin exposed to NM and subsequently treated 

with H2O2/S-TP placebo or doxycycline hydrogels for 168 h. The histology of untreated 

NM-exposed skin showed necrosis all over the dermis and no nuclear staining in the 
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epidermis implying that the tissue is dying. Only sections from two mice showed signs of 

reepithelization (sign of wound healing) from the wound edges in the epidermis (data not 

shown). The histology of skin treated with both the H2O2 and S-TP placebo hydrogels 

showed absence of nuclear staining in the epidermis and fibroblasts in the dermis. The 

histology of skin treated with both the H2O2 and S-TP doxycycline hydrogels showed 

reepithelization characterized by epidermal hyperplasia (increased keratinocyte 

proliferation) and hyperkeratosis (thickening of the stratum corneum). Reepithelization is 

essential for wound repair to restore the intact epidermal barrier and it occurs by the 

movement of epithelial cells from the edge of the unwounded tissue across the site of 

injury [222-226]. The H2O2/S-TP doxycycline hydrogels showed a significant 

improvement in NM-exposed wounds compared to the untreated and H2O2/S-TP placebo 

hydrogel treated groups. 

 

Figure 7.13 shows the histology of mice skin exposed to NM and subsequently treated 

with H2O2/S-TP placebo or doxycycline hydrogels for 240 h. 100 % mice untreated after 

NM exposure died in between 168 and 240 h. Hence no representative histological 

sections are shown for this group. 80 and 100 % mice treated with H2O2/S-TP placebo 

and doxycycline hydrogels survived for 240 h after NM exposure implying that hydrogels 

in general have a beneficial effect and doxycycline hydrogels are better than the placebo 

hydrogels. The histology of S-TP placebo hydrogel treated NM-exposed group looked 

like a dying tissue. The histology of H2O2 placebo hydrogel treated NM-exposed group 

showed hyperplasia and hyperkeratosis, signs of wound healing. The histology of 

H2O2/S-TP doxycycline hydrogel treated NM-exposed groups showed a second 
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occurrence of reepithelization (first occurrence seen in sections 168 h after NM 

exposure). The reason for this could possibly be the retention of NM in skin which is 

being released at later times resulting in reoccurrence of reepithelization. This is similar 

to SM, which forms a reservoir in skin from which there is continual uptake of SM in the 

blood during the first few days after the application [43, 286]. 

 

H2O2/S-TP doxycycline hydrogels showed improved wound healing efficacy compared 

to untreated and H2O2/S-TP placebo hydrogel treated groups after NM exposure, 

evidenced by the survival rate and signs of wound healing. Among the two placebo 

hydrogels, H2O2 hydrogel showed a beneficial effect at 240 h. H2O2 is well known to 

oxidize mustard [287] and hence the H2O2 hydrogel might also be acting as a 

decontaminant to oxidize NM depot in skin resulting in a dermal wound healing effect. 

The increased pharmacological efficacy of doxycycline hydrogels could be due to 

increased doxycycline permeation in NM-exposed skin and continuous influx of 

doxycycline from the hydrogels. Hence doxycycline hydrogels should be pursued as a 

potential treatment option for healing of dermal mustard injuries. 

 

7.4 Conclusions 

The in situ gelling PEG hydrogels investigated in the current study can be applied 

topically as a solution on skin which forms a hydrogel by disulfide bonds. These 

hydrogels can be easily removed by spraying a reducing agent which reverses the 

disulfide crosslinks resulting in gel to sol conversion. Formulation additives decrease the 

dehydration of hydrogel and increase adhesiveness on skin for upto 24 h. The hydrogels 
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have a low degree of swelling, good mechanical strength and provide sustained 

doxycycline release for upto 10 days. The permeability studies show that the barrier 

property of skin is compromised when exposed to vesicants, allowing increased 

transdermal drug influx. The in vivo wound healing efficacy results show that 

doxycycline hydrogels provide a superior wound healing response on NM-exposed skin 

compared to untreated skin and skin treated with placebo hydrogels. Overall, the 

doxycycline loaded PEG-based hydrogels are promising for dermal wound healing 

application of mustard injuries. 
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7.5 Tables 

Table 7.1. Composition of PEG hydrogel formulations evaluated in the current study  

 
 

Hydrogel  Composition 
Ratio of 

components 
in the 

hydrogel 
(w/w) 

 
 

Hydrogels  

Gelation 

time (s) 

 
8-arm-

PEG-SH 
(% w/v) 

 
H2O2 

volume 
(μl) 

 
8-arm-

PEG-S-TP 
(% w/v) 

 
Total wt 

of 
polymers 
(% w/v) 

(1:1) 4 % H2O2 75 4 1.9 -------- 4 
(1:1) 8 % H2O2 55 8 5.4 -------- 8 
(1:1) 5 %  S-TP < 10 5 -------- 5 5 
(1:1) 8 %  S-TP < 10 8 -------- 8 8 
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Table 7.2. Estimation of flux and diffusion exponents (n) for various hydrogel 

formulations. 

 

% w/v  Hydrogels 

 

Flux (J) 

(mg cm-2 s-1) x 10-6

Diffusion exponent 

( n ) 

 

4 %  H2O2    

8 %  H2O2    

5 %  S-TP  

8 %  S-TP    

 

 

4.91 

3.83 

5.45 

4.43 

 

 

0.65 

0.59 

2.04 

1.6 
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Table 7.3. Estimation of lag time and permeability coefficients for doxycycline through 

NM-exposed skin. 

 
NM exposure time 

(h) 

 

Lag time (h) Permeability Coefficient (P) 

(cm. h-1) x 10-6

0 (Control) 

24 

72  

168 

 

6.998 

1.792 

1.620 

1.608 

 

0.5717 ± 0.06638 
 
 

17.95 ± 5.868 
 
 

661.9 ± 28.41 
 

78.86 ± 6.827 
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7.6 Figures 

 
 

Scheme 7.1. Schematic representation of 8-arm-PEG-SH crosslinked by H O  in PB (pH 8) resulting in the 

formation of H O hydrogels by disulfide bridges. The formation of disulfide bridges within the molecule 

results in intramolecular crosslinks and the formation of disulfide bridges between molecules results in 

intermolecular crosslinks.

2 2

2 2 
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Scheme 7.2. Schematic representation of thiopyridyl terminations appended on the 8-arm-PEG-SH to form 

8-arm-PEG-S-TP. Thiopyridine is good leaving group and 8-arm-PEG-S-TP forms disulfide bridges with 

8-arm- PEG-SH in PB (pH 8)  resulting in S-TP hydrogels. 
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Scheme 7.3. Schematic representation of the reversible nature of hydrogels. The GSH acts as a thiolate 

moiety and attacks the disulfide bonds resulting in the breakdown on the hydrogel network (gel to sol 

transition). The possible products are 8-arm-PEG-SH, 8-arm-PEG-(SH)-S-SG, 8-arm-PEG-S-SG and GS-

SG.  
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Figure 7.1. The DSC thermograms show the melting of 8-arm-PEG-SH and 8-arm-PEG-S-TP at 53.37°C 

and 45.81°C respectively, indicative of conversion of thiols to thiopyridine 
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Figure 7.2. The XPS analysis shows the diffractograms for nitrogen and sulfur atoms and the ratio between 

sulfur and nitrogen was found to be 2. 

 
 
 

 

 

 

 



153 
 

 

Figure 7.3. Effect of the concentration of polymers on swelling kinetics of 4, 8 % H2O2 hydrogels and 5, 8 

% S-TP hydrogels. As the concentration of polymers is increased, the degree of swelling is lowered. 
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Figure 7. 4. Influence of strain (A) and frequency (B) on G’ and G’’ of 4 and 8 % H2O2 hydrogels with and 

without formulation additives. The strain sweep test establishes the regime of linear viscoelasticity (LVE). 

The frequency sweep test shows that the hydrogels are elastic than viscous and that they have the ability to 

resist structural changes under strain. 

 

 



155 
 

 

Figure 7. 5. Influence of strain (A) and frequency (B) on G’ and G’’ of 5 and 8 % S-TP hydrogels with and 

without formulation additives. The strain sweep test establishes the regime of linear viscoelasticity (LVE). 

The frequency sweep test shows that the hydrogels are elastic than viscous and that they have the ability to 

resist structural changes under strain. 
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Figure 7.6. The DSC thermograms for the 4 and 8 % H2O2 hydrogels with and without formulation 

additives. With an increase in polymer concentration of the hydrogels, the melting of the PEG shifts to 

lower temperatures. The presence of formulation additives further restricts the motion of PEG chains 

lowering the melting temperature 
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Figure 7.7. The DSC thermograms for the 5 and 8 % S-TP hydrogels with and without formulation 

additives. With an increase in polymer concentration of the hydrogels, the melting of the PEG shifts to 

lower temperatures. The presence of formulation additives further restricts the motion of PEG chains 

lowering the melting temperature. 
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Figure 7.8. Cumulative amount of doxycycline released as a function of time for 4 and 8 % H2O2 hydrogels 

and 5 and 8 % S-TP hydrogels. The release data were fitted using two-phase exponential association 

equation in GraphPad Prism 4 software. The goodness of fit for the different hydrogels varied from 0.83 to 

0.96.The release mechanism for the H2O2 hydrogels is non-fickian or anomalous involving both diffusion 

and polymer relaxation (0.5<n<1). The release mechanism for the S-TP hydrogels is super case II transport 

involving relaxation of the polymer as the hydrogel swells (n>1). 
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Figure 7. 9. Cumulative amount of doxycycline permeated as a function of time through NM-exposed skin. 

The permeability of doxycycline through NM-exposed skin for variable time periods was found to increase 

significantly (p<0.01) compared to the control. The order of permeation of doxycycline is 72 h> 168 h> 24 

h>control. 
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Figure. 7.10. Histology of mice skin exposed to NM and subsequently treated with H2O2/S-TP placebo or 

doxycycline hydrogels at 24 h. Unlike the untreated NM-exposed skin, the placebo and doxycycline 

hydrogel treatment groups do not show any signs of epidermal separation from the dermis. The hydrogels 

acted as a bandage and prevented the separation of epidermis and dermis. 
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Figure 7.11. Histology of mice skin exposed to NM and subsequently treated with H2O2/S-TP placebo or 

doxycycline hydrogels at 72 h. The placebo and doxycycline hydrogels showed a significant improvement 

over untreated NM-exposed skin. Doxycycline hydrogels prevented the separation of epidermis from the 

dermis and hence represent an improvement over the placebo hydrogels. 
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Figure 7.12. Histology of mice skin exposed to NM and subsequently treated with H2O2/S-TP placebo or 

doxycycline hydrogels at 168 h. The histology of both the H2O2 and S-TP doxycycline hydrogels showed 

reepithelization characterized by epidermal hyperplasia and hyperkeratosis, the first signs of wound 

healing. The doxycycline hydrogels showed a significant improvement in NM-exposed wounds compared 

to the untreated and placebo hydrogel treated groups. 
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Figure 7.13. Histology of mice skin exposed to NM and subsequently treated with H2O2/S-TP placebo or 

doxycycline hydrogels at 240 h. The doxycycline hydrogels showed improved wound healing efficacy 

compared to untreated and H2O2/S-TP placebo hydrogel treated groups after NM exposure, evidenced by 

the 100 % survival and reepithelization in H2O2/S-TP doxycycline hydrogels. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



164 
 

 

8 SUMMARY AND CONCLUSIONS 

Sulfur mustard is a potent blistering and chemical warfare agent that mainly affects the 

eyes, lungs and skin. Currently there are no effective drugs or delivery systems to treat 

SM injuries. Doxycycline, acts by inhibiting inflammatory cytokines and MMP-9. In 

order to limit systemic toxicity that may be caused by oral drug delivery systems and to 

increase the local drug concentration at the site of injury, sustained release drug delivery 

systems are required. This dissertation project involves the design, development and 

evaluation of in situ forming hydrogels for topical administration to the eyes and skin for 

treatment of SM injuries. The hydrogels evaluated for ocular application are optically 

transparent, show resistance to external forces, retained on the cornea for the entire 

duration of the study (24 h), and provide sustained drug release for over a week. The 

doxycycline-loaded hydrogels showed superior wound healing efficacy compared to 

similar dose of the drug in solution, which might be due the prolonged contact time and 

sustained drug release at the injury site. 

 

A dermal wound model was developed using NM to simulate SM injuries in SKH-1 

mice. The pathological effects caused by NM on skin progress in a dose and time 

dependent manner. The permeability of NM-exposed skin (5 μmoles) increases 

significantly to different molecular markers at 24, 72, and 168 h compared to the control, 

suggesting that stratum corneum does not act as a barrier for transdermal drug absorption 

after vesicant exposure. Reversible hydrogels with formulation additives were designed 

for topical application to the skin. The hydrogels have the mechanical strength and 
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viscoelastic properties to help maintain their physical integrity in vivo and prevent drug 

loss from breakage. The hydrogels showed sustained doxycycline release for over 10 

days. Wound healing efficacy studies show that doxycycline hydrogel treated groups 

showed significant improvement in wound healing compared to untreated or placebo 

hydrogel treated groups. Sustained doxycycline delivery was achieved over prolonged 

periods using novel in situ forming PEG hydrogels which showed superior ocular and 

dermal wound healing efficacies. In summary, sustained release hydrogel drug delivery 

systems are developed for topical application to the eyes and skin.   
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