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Abstract

Half mustard (CEES) and nitrogen mustard (NM) are commonly used surrogates and vesicant 

analogs of the chemical warfare agent sulfur mustard. In the current study, in situ forming 

poly(ethylene glycol) (PEG)-based doxycycline hydrogels are developed and evaluated for their 

wound healing efficacy in CEES and NM exposed rabbit corneas in organ culture. The hydrogels, 

characterized by UV-Vis spectrophotometry, rheometry, and swelling kinetics, showed that the 

hydrogels are optically transparent, have good mechanical strength and a relatively low degree of 

swelling (<7%). In vitro doxycycline release from the hydrogel disks (0.25% w/v) was found to be 

biphasic with release half times of ~12 and 72 h, respectively, with 80–100% released over a 7-

day period. Permeation of doxycycline through vesicant wounded corneas was found to be 2.5 to 

3.4 fold higher than non-wounded corneas. Histology and immunofluorescence studies showed a 

significant reduction of matrix metalloproteinase-9 (MMP-9) and improved healing of vesicant 

exposed corneas by doxycycline hydrogels compared to a similar dose of doxycycline delivered in 

phosphate buffered saline (PBS, pH 7.4). In conclusion, the current studies demonstrate that the 

doxycycline-PEG hydrogels accelerate corneal wound healing after vesicant injury offering a 

therapeutic option for ocular mustard injuries.
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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 [1, 2]. In the 1980’s, SM was used in the Iran-Iraq war, affecting not 

only military personnel but also 100,000 civilians [3, 4]. Exposure to SM causes devastating 

injuries to the eyes, skin and respiratory system [5, 6], 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 [5]. 

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 [5]. MMPs are a family of enzymes that enhance the action of many activating factors 

during inflammatory response and contribute to tissue degradation [7–15]. 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 [16]. Decreased MMP-9 activity in humans has been found to 

correlate with accelerated wound healing [17, 18]. 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.

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.[19–21]. Doxycycline has been 

found to inhibit MMP-9 activity in vivo in the corneal epithelial cells of experimental dry 

eye [22] as well as in vitro in human corneal epithelial cells [23, 24]. Treatment with 

doxycycline has been shown to be beneficial in attenuating acute and delayed ocular injuries 

caused by SM exposure [25, 26]. 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 [27, 28]. 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 

[28, 29]. 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 [30].

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 decrease the 

time of wound healing. There are very few controlled drug delivery systems reported for 

corneal wound repair applications [31–35]. Although doxycycline is commercially available 

in a wide variety of dosage formulations including tablets, capsules and suspensions, topical 
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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 [36]. 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 [37–39]. 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.

2. Materials and methods

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 × 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 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 
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acquired using a ProgRes camera and ProgRes Capture Pro Software 2.6, respectively 

(Jenoptik Laser, Optik, Systeme GmbH, Jena, Germany).

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 [40]. 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 = 200μL) 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.

2.3. Optical Transmission

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 (200μL) were placed in a quartz cuvette containing distilled water and 

transmission of light was measured at 480 nm [41]. 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.

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, 2° angle) [42, 43]. 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.

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 °C. 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 

Anumolu et al. Page 4

Biomaterials. Author manuscript; available in PMC 2015 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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:

(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.

2.6. In vitro doxycycline loading and release

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 flow rate of 1 mL/min. After extraction, suspension containing the 

hydrogel was stored for several days at 4°C 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.

2.6.2. In vitro release—In vitro release from the hydrogels were 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 

37°C 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 GraphPad 

Prism 4 software. Two way ANOVA was used to determine the effect of hydrogel 

composition on the in vitro doxycycline release.

2.7. Ex vivo evaluation using Rabbit Cornea Organ Culture Model

A rabbit cornea organ culture model system adapted from Foreman, et al [44] was used to 

evaluate healing after exposure to model vesicants CEES and NM, followed by subsequent 
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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.

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 37°C 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.

2.7.2. Wound healing efficacy of doxycycline PEG 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 37°C. 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% (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 −80°C until sectioned for histology and 
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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.

2.7.3. Detection of MMP-9 in vesicant exposed and treated corneas by 
immunofluorescence—The sectioned corneas (10 μm) were fixed in 100% methanol for 

10 min at −20°C. 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 4°C. 

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.

3. Results and Discussion

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 1). The thiol groups are known to react 

with active esters under neutral to slightly alkaline pH to give thioester bonds (Scheme 2). 

The thioester bonds are hydrolytically labile and therefore impart in vivo biodegradability to 

the hydrogel network under physiological conditions [45].

Hydrogels of different compositions (5–22.5% w/v) were formed by varying the 

concentration and ratios of the two polymers (Table 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 [46]. 

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.

3.2. Optical Transmission (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 
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with OT ≥90% were classified as transparent, those in the 10–90% range were classified as 

translucent, and those ≤10% as opaque [41]. The % OT of various hydrogels is shown in 

Fig. 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.

3.3. Rheology

The retention behavior and physical integrity of hydrogels can be assessed in vivo by 

measuring their mechanical strength and viscoelastic properties [42, 43]. Hydrogels with 

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

drug loss from blinking in vivo [47]. The viscoelastic properties of the hydrogels were 

evaluated by strain sweep test (Fig. 2) and frequency sweep test (Fig. 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 [48, 49]. Both the 

strain sweep test and frequency sweep test are used to obtain the rheological parameters G′ 

(storage/elastic modulus), G″ (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. Fig’s 2 and 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.

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, 
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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. Fig. 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 [50, 51]. 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 [52, 53].

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.

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) (Fig. 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 Fig. 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 [54].

(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 2). The release mechanism for all of the hydrogels was found to be Non-Fickian or 

Anomalous suggesting that the rates of diffusion and polymer relaxation are comparable 
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(0.5<n<1). Doxycycline release was dependent on water migration into the hydrogel and 

drug diffusion through continuously swelling hydrogels.

Table 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.

3.6. Ex vivo evaluation using Cornea Organ Culture Model

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 [55, 56]. 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 [57]. 

The permeability properties of vesicant-exposed corneas were expected to increase by 

disrupting the zonula occludens. Since the absorption-controlling biological membrane (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. Fig. 6 shows a plot of the 

cumulative amount of doxycycline permeated (μg/cm2) as a function of time (h). Table 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.
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(3)

(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 [58]. 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 

[59–62]. In our previous report [36] 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.

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 [63–69]. Four corneas were evaluated for wound 

healing efficacy in each treatment group and representative H & E stained histological 

sections are shown in Fig. 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 [70, 71].

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 
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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 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. Fig. S1 of the Supplementary 

data shows the histology of the cornea 5 h after exposure to CEES and NM without any 

further treatment. The micrographs confirm the data from Fig. 7 showing that vesicant 

exposure damages the cornea and doxycycline treatment acts to maintain the basement 

membrane zone integrity.

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 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.

3.6.3. Detection of MMP-9 in vesicant exposed and treated corneas by 
immunofluorescence (IF)—MMP-9 is a corneal epithelial product upregulated by 

wounding [16] 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 [10, 72]. 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 Fig. 8. In the 
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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 [10, 72]. Nuclei were stained 

blue. Higher magnification pictures of Fig. 8 are shown in Fig. S2 in Supplementary data.

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. 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 immuno reactivity 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 of 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.

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 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 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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Fig. 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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Fig. 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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Fig. 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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Fig. 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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Fig. 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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Fig. 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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Fig. 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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Scheme 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 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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Table 1

Composition of 0.25% w/v doxycycline PEG hydrogel formulations evaluated in the current study

Polymer ratios Gelation time (s) Hydrogel Composition

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 2

Estimation of flux and diffusion exponent (n) for various hydrogel formulations

% w/v hydrogels (PEG-SH:PEG-NHS) Flux (J) (μg/cm2 sec−1) × 10−6 Diffusion exponent (n)

20 % (1:1) 4.34 0.95

30 % (1:1) 3.94 0.92

30 % (1:2) 3.85 0.81

45 % (1:2) 3.22 0.74
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Table 3

Estimation of lag time and permeation coefficient of doxycycline through vesicant-exposed corneas

Cornea exposed to vesicants Permeation coefficient (P) (cm h−1) × 10−4 Lag time (h)

Unexposed (Control) 15.11 ± 0.8217 3.339

CEES (100 nmoles) 36.76 ± 1.744 2.496

CEES (200 nmoles) 50.46 ± 1.838 2.665

NM (100 nmoles) 41.15 ± 1.849 2.925
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