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A B S T R A C T   

Rapid precorneal loss of topically applied eye drops limits ocular drug absorption. Controlling release and 
precorneal residence properties of topical formulations may improve ocular drug bioavailability and duration of 
action. In this study, we evaluated in vivo ocular pharmacokinetics of dexamethasone in rabbits after application 
of a drug solution (0.01%), suspension (Maxidex® 0.1%), and hydrogels of 2-hydroxyethyl methacrylate (HEMA) 
and acrylic acid (AAc) copolymers. The rabbits received a single eyedrop (solution or suspension) or 
dexamethasone-loaded hydrogel topically. Dexamethasone in tear fluid was sampled with glass capillaries and 
quantitated by LC-MS/MS. Higher dexamethasone exposure (AUC) in the tear fluid was observed with the 
suspension (≈3.6-fold) and hydrogel (12.8-fold) as compared to the solution. During initial 15 min post- 
application, the highest AUC of dissolved dexamethasone was seen after hydrogel application (368 min*µg/ 
mL) followed by suspension (109.9 min*µg/mL) and solution (28.7 min*µg/mL. Based on kinetic simulations, 
dexamethasone release from hydrogels in vivo and in vitro is comparable. Our data indicate that prolonged 
exposure of absorbable dexamethasone in tear fluid is reached with hydrogels and suspensions. Pharmacokinetic 
understanding of formulation behavior in the lacrimal fluid helps in the design of dexamethasone delivery 
systems with improved ocular absorption and prolonged duration of action.   

1. Introduction 

Eye drops are the most widely used dosage form in the treatment of 
anterior segment diseases, such as dry eye disease, glaucoma, and ocular 
infections and inflammations[1,2] . Topically applied eye drop solutions 
constitute approximately 90% of the currently marketed ophthalmic 
formulations [3,4]. They have a short duration of action (a few hours up 
to one day) because the instilled drug is rapidly eliminated from the 
ocular surface in a few minutes, mainly due to reflex lacrimation, 
nasolacrimal solution drainage, and systemic absorption through con-
junctiva [5]. 

Ophthalmic suspensions are widely used useful in the topical 
administration of poorly water-soluble drugs. However, comparison of 
fluorometholone penetration to the rabbit aqueous humor reveals that 
dose normalized drug concentrations after 0.1% suspension instillation 
were smaller than the levels after administration of low dose (15 µg/ml) 
in solution [6]. Furthermore, aqueous humor bioavailability (0.1%) for 
ophthalmic brinzolamide after topical suspension administration has 
been reported to be at the low end of bioavailability range of ophthalmic 
eye drop solutions of various drugs (0.07–4.31%) [7]. Not all suspended 
particles dissolve in the tear fluid and, therefore, the ocular bioavail-
ability is affected by the suspension residence time and dissolution rate 

Abbreviations: AUCsoluble, Dissolved dexamethasone fraction in the suspension; CLconj, Conjunctival clearance; CLcornea, Corneal clearance; CLtotal, Total clearance; 
CLTT, Clearance by tear turnover; Fsoluble, Fraction dissolved; NCA, Non-compartmental analysis; Pconj, Permeability in the conjunctiva; Pcornea, Permeability in the 
cornea; Sconj, Surface area of conjunctiva; Scornea, Surface area of cornea. 
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in the lacrimal fluid as was recently shown for indomethacin [8]. 
Even though eye drops are a non-invasive drug administration 

method, difficulties in eye drop instillation have led to poor patient 
compliance. For example, only 28% of glaucoma patients are correctly 
using their eye drop medication [9]. Proper instillation of the eye drops 
is particularly problematic for elderly patients or handicapped persons. 

One way to improve patient compliance and reduce dosing fre-
quency is to develop topical drug formulations with prolonged ocular 
retention and sustained drug release. Various formulation approaches 
have been investigated to prolong the duration of topically applied 
drugs (e.g. viscous and mucoadhesive formulations, ointments, nano- 
and microparticles, inserts, punctal plugs, and hydrogels) [10–18]. 
Hydrogels, are widely used in soft contact lenses and they are well 
tolerated in the eye [19,20]. They can control drug release and prolong 
dosing intervals [21]. Although in vitro and in vivo studies with topical 
ophthalmic hydrogels have been carried out, in vitro/in vivo correlation 
and functionality of drug containing hydrogels in the tear fluid are still 
poorly understood. 

Ocular pharmacokinetic top-down models and bottom-up simula-
tions are important tools for prediction and understanding of dosage 
form functionality in vivo. The simulations can reveal relationships be-
tween the administered dose, release rate and observed concentrations 
in ocular tissues, tear fluid, and plasma thereby facilitating pharmaco-
kinetic understanding [22]. The models have been applied in few cases 
also to pharmacokinetics in the tear fluid [8,23–26]. The models and 
simulations are tools that can reduce the use of laboratory animals, 
speed up drug development and reduce the costs of the development 
processes. 

Our main objective was to investigate kinetics in the tear fluid of 
dexamethasone after being administered as eye drops (solution and 
suspension) or hydrogels. Hydrogels based on 2-hydroxyethyl methac-
rylate were prepared and characterized for their physicochemical 
properties, dexamethasone loading, and release. Then, dexamethasone 
levels were evaluated in rabbit tear fluid after topical delivery of the 
formulations. Pharmacokinetic models and simulations were used to 
improve understanding of dexamethasone and formulation kinetics in 
the tear fluid. Excellent in vitro – in vivo correlation was achieved with 
the hydrogels. 

2. Materials and methods 

2.1. Materials 

HEMA and AAc were from Merck (Darmstadt, Germany). Ethylene 
glycol dimethacrylate (EGDMA), trifluoroacetic acid (TFA), 2,2′-azobis 
(2-methylisopropionitrile) (AIBN), dichlorodimethylsilane, and 
dimethyl sulfoxide (DMSO) were from Sigma-Aldrich (St. Louis Mis-
souri, USA). Acetonitrile (ACN) was from Honeywell International Inc. 
(Morris plains, New Jersey, USA). Phosphate buffer saline (PBS) was 
from Life Technologies Limited (Paisley, UK). Dexamethasone was 
purchased from Sigma-Aldrich (Steinheim am Albuch, Germany) and 
dexamethasone-d5 from Toronto Research Chemicals Inc (Ontario, 
Canada). The dexamethasone solution (0.01%) was prepared in PBS, pH 
7.4 by diluting it from 10 mg/mL stock solution in DMSO. The com-
mercial dexamethasone suspension Maxidex® 0.1% (Alcon Labora-
tories, Inc.; South Freeway Fort Worth, Texas, USA) was used. 

2.2. Polymerization and hydrogel manufacture 

Three sets of monomer mixtures were prepared (Table 1). HEMA, 
EGDMA, and AAc were poured into vials to which AIBN was added and 
then they were mixed at room temperature under magnetic stirring at 
400 rpm. After complete dissolution the mixtures were injected into 
molds of two glass plates (14 cm × 12 cm) that had been pretreated with 
dichloromethylsilane and separated by a silicone frame (thickness 0.3 
mm). The molds were transferred to oven where polymerization was 

carried out at +50 ◦C for 12 h and then at +70 ◦C for 24 h. 
After polymerization, the hydrogel sheets were cleaned in boiling 

distilled water for 15 min to remove unreacted monomers. Then, they 
were cut into circular discs with 10 mm diameters. The hydrogels were 
placed in Milli-Q water under magnetic stirring (200 rpm) at room 
temperature for 3 days. The water was replaced 3 times a day to remove 
unreacted monomers and the presence of remnants was monitored by 
measuring absorbance of water medium (UV–Vis spectrophotometer 
Agilent 8453, Germany) in the 190 – 800 nm range. Finally, the 
hydrogels were dried at 40 ◦C for 24 h. 

2.3. Swelling, transmittance and mechanical properties 

Swelling of the hydrogels was studied in water and in 0.9% sodium 
chloride (4 mL) at room temperature for 24 h. After incubation, the 
hydrogels were removed and patted dry with tissue and weighed at pre- 
determined time points. Their initial dry weights were recorded before 
placing them into solution. The percentage of swelling of each hydrogel 
was calculated as follows (Eq. (1)): 

Swelling% =
Ws − Wd

Wd
*100 (1)  

where, Wd and Ws represent the weight of initial dried and swollen 
hydrogels, respectively. 

Transmittance of swollen hydrogels, after fitting to the wall of a 
quartz cell filled with water, was recorded in the 190–800 nm range 
(UV–Vis Spectrophotometer Agilent 8453, Germany). 

Stress–strain plots of water-swollen discs were recorded in duplicate 
using a TA.XT Plus Texture Analyzer (Stable Micro Systems, Ltd., Surrey, 
UK) fitted with a 5 Kg load cell. The discs were fixed to the upper and 
lower clamps (4 mm gap) and subjected to a crosshead speed of 0.1 
mm⋅s− 1. The Young’s modulus was calculated from the slope of the 
linear portion of the tensile stress versus tensile strain curves. 

2.4. HET-CAM test 

Ocular irritation potential of hydrogels was evaluated with Hen’s 
Egg Test on Chorio-Allantoic Membrane (HET-CAM). Fertilized hen’s 
eggs (50–60 g; Coren, Spain) were incubated at 37 ◦C and 60% relative 
humidity for 8 days, as previously described [27]. After incubation (9th 
day), the eggs were cut open on the air space using a rotary saw (Dremel 
3000, Konijnenberg, Breda, Netherlands) to expose the inner membrane, 
which was hydrated with 0.9 % sodium chloride solution for 30 min. 
Then, the solution was carefully pipetted out and the hydrated inner 
membrane was removed to permit feasible access to the CAM. Then, 
hydrogels were laid on top of the CAM for 5 min. In parallel, 0.9% so-
dium chloride and 0.1 N sodium hydroxide solutions (300 μL) were 
tested as negative and positive controls, respectively. During 5 min, the 
vessels of the CAM were observed for hemorrhage, vascular lysis, or 
coagulation. 

2.5. In vitro release of dexamethasone from hydrogels 

2.5.1. Dexamethasone loading and release 
Loading. The dried hydrogels were weighed and immersed in PBS 

Table 1 
Composition of the monomer mixtures in hydrogels.  

Material Hydrogel 1 Hydrogel 2 Hydrogel 3 

HEMA (M) 8 8 8 
EGDMA (mM) 8 8 8 

AIBN (mM) 10 10 10 
AAc (mM) – 100 200 

HEMA 2-hydroxyethyl methacrylate, EGDMA = ethylene glycol dimethacrylate, 
AIBN = azobisisobutyronitrile , AAc = Acrylic acid. 
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solution (4 mL) containing 0.1 mg/mL of dexamethasone. The hydrogels 
were incubated at room temperature without shaking and samples (100 
µL) were collected from drug loading solution at pre-determined time 
points for up to 24 h. The drug concentration was determined with 
HPLC, and the amount of dexamethasone loaded to the hydrogels was 
calculated from the difference between the initial and final amount of 
drug in the loading solution. 

Release. Dexamethasone-loaded hydrogels were gently wiped with 
paper and immersed in 2 mL of release solution (0.9% sodium chloride 
solution) at +37 ◦C under stirring and maintained sink condition with 
replacement of the release solution (2 mL) at every sampling point till 
48 h with an equal volume of fresh release solution to retain the needed 
driving force for drug release. The collected samples were stored at 
− 20 ◦C until HPLC analysis. 

2.5.2. HPLC analysis 
The standards and quality controls. The calibration standards were 

prepared in duplicate at the concentration range of 5–100 µg/mL. The 
quality control samples (40 and 80 µg/mL) were independently pre-
pared in triplicate. 

HPLC conditions. The HPLC analysis was performed with Shimadzu 
Technologies HPLC control system, CBM-10 AV equipped with an 
autoinjector (SIL − 20AC), a pump (LC − 20AD), column oven (CTO- 
10AV), and a UV/Visible detector (SPD − 10AV). Zorbax Eclipse XCB- 
C18 column (4.6 × 50 mm, 1.8 µm; Agilent) column maintained at 
40 ◦C was used for analysis. The isocratic mobile phase contained 0.1% 
trifluoroacetic acid (Sigma-Aldrich) in acetonitrile (LC-MS Chromasolv, 
Honeywell, Riedel-de Haen) and 0.1% trifluoroacetic acid in Milli-Q- 
H2O (30:70 v/v). Flow rate was 1 mL/min, injection volume was 5 µL 
and the detection wavelength was 240 nm. The retention time of 
dexamethasone was 3.1 min. The mobile phase was degassed before use. 

2.5.3. Statistical analysis 
Statistical analysis for comparison of characterization, in vitro 

loading and release properties of hydrogels was performed using one- 
way ANOVA test where level of significance was P < 0.05 in Excel. 
Then, individual t-test for two groups assuming equal variance was 
performed followed by Bonferroni correction (with two tail P value <
0.0167). 

2.6. Pharmacokinetics in rabbit tear fluid 

2.6.1. In vivo experiment 
New Zealand male albino rabbits (2.5–4 kg, Envigo Laboratories, 

UK) were used in the study. The animals were housed individually under 
standard laboratory conditions of 12-h dark-light cycles and were pro-
vided with a normal pellet diet with water ad libitum. Animal studies 
demand set by EU directive 2010/63/EU and all animal experiments 
were approved by the National Project Authorization Board. During the 
experiment, the rabbits were restrained in holders, but they could move 
their heads freely. 

The hydrogel (#3, Table 1), dexamethasone solution (0.01% in PBS) 
and commercial dexamethasone suspension Maxidex® 0.1% (Alcon) 
were tested in vivo (n = 6–8). The hydrogels were autoclaved (121 ◦C, 
30 min) and loaded with dexamethasone under aseptic condition as 
described above. After drug loading, the hydrogels were cut into smaller 
pieces (diameter of 8 mm) with a sterilized cutting tool. The loaded 
hydrogels were gently wiped with paper and carefully placed on the 
rabbit cornea under the nictitating membrane without local anesthesia. 
The dexamethasone solution and suspension were administered onto the 
upper cornea-scleral limbus of the rabbit eye (25 µL/eye) and the eye 
was kept open for 1 min after installation. The experiments were 
repeated with the same set of rabbits after three weeks. 

Tear fluid samples (1 µL) were collected at the edge of the lower 
eyelid at pre-determined time points using 1 µL disposable capillary 
(Drummond Scientific Company, USA). The collected tear fluid samples 

were stored at − 80 ◦C until LC-MS/MS analysis. 

2.6.2. LCMS/MS analysis 
Samples. The tear fluid samples were thawed on ice for 10 min and 

then spun down for 1 min at 13,000 rpm, +4 ◦C. The samples were 
diluted (1:20–1:2000 depending on time points) with the internal 
standard solution (40 ng/mL dexamethasone-d5 in Milli-Q water with 
1% formic acid and 50% ACN). Then, the samples were vortexed for 1 
min, centrifuged at 14,000 rpm for 10 min at +4 ◦C and the supernatants 
were collected for LC-MS/MS analyses. 

The standards and quality controls. The calibration standards 
(0.5–500 ng/ml) were prepared in duplicate in internal standard solu-
tion. The quality control samples were independently prepared at three 
concentrations (2.5, 25, 250 ng/mL). The internal standard solution 
described above was used as the diluent. The standards and quality 
controls were processed in the same way as the samples. 

LC-MS/MS. The LC-MS/MS system consisted of an Agilent 1290 se-
ries liquid chromatograph and an Agilent 6495 triple-quadruple mass 
spectrometer (Agilent Technologies, Inc., USA) with electrospray ioni-
zation. Poroshell 120 SB-C18 column (2.1 mm × 50 mm, 2.7 µm, Agi-
lent) was maintained at 50 ◦C. A binary mobile phase with a gradient 
elution was used. Solvent A was 0.1 % formic acid in milli-Q water and 
solvent B was methanol. For solution and hydrogel samples the gradient 
was: 0.0 to 2.0 min: 30%→90% B, 2.0 to 2.5 min: 90% B, 2.5 to 2.6 min: 
90%→30% B, 2.6 to 4.0 min 30% B. The flow rate was 0.5 mL/min. The 
gradient for suspension samples was as follows: 0.0 to 5.0 min: 40%→ 
100% B, 5.0 to 5.5 min: 100% B, 5.5 to 5.6 min: 100%→40% B, 5.6 to 
7.0 min 40% B The flow rate was 0.3 mL/min. The injection volume was 
2 µL. Nitrogen was used as a drying, nebulizer, and collision gas. The 
following ion source conditions were employed: positive ion mode, 
drying gas temperature 200 ◦C, drying gas flow 16 L/min, nebulizer 
pressure 25 psi. The data was analyzed with Agilent Mass Hunter 
Quantitative Analyzed software (vB.09.00, build 9.0.647.0, Agilent 
Technologies, CA, USA). The MS/MS parameters are presented in sup-
plementary information, Table S1. 

2.6.3. Pharmacokinetic analysis 
Non-compartmental analysis (NCA) of mean dexamethasone con-

centrations in tear fluid after application of solution, suspension and 
hydrogel were conducted with Phoenix WinNonlin (build 8.3, Certara L. 
P.). Moreover, compartmental naïve-pooled analysis was also conducted 
for the solution and suspension administrations using one- and two- 
compartment models using uniform, 1/predicted concentration (1/ 
Yhat) and 1/predicted concentration2 (1/Yhat2) weighting methods in 
curve fitting. Based on visual inspection of the plot and coefficient of 
variation (CV%) of estimated parameters one or two compartmental 
model was selected. 

Areas under the curve (AUC0-∞, AUC0-15 min, AUC0-120 min) were 
estimated. We further estimated a theoretical AUC value for the dis-
solved dexamethasone fraction in the suspension (AUCsoluble). Based on 
dexamethasone solubility of 0.11 µg/µL [28], the fraction dissolved 
(Fsoluble) was calculated: 

Fsoluble =
Solubility

ConcentrationofMaxidex
(2) 

And used in following equation: 

AUCsoluble = AUCsuspension*(Fsoluble) (3)  

2.7. Pharmacokinetic simulations 

STELLA® software (v8.1.1, isee systems) with fourth order Runge- 
Kutta integration algorithm was used in the simulation. The pharma-
cokinetic model for rabbit eye was built modifying our earlier models 
([29]; Fig. 1). Since the release of dexamethasone from the hydrogel 
during first two hours followed better zero order kinetics than first order 
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kinetic, the in vitro release rate (k = 18.2 µg/h) was used in the model as 
drug input for the simulation of two hours. The simulation was run using 
two conjunctival clearance (CLconj) values in rabbit eyes: experimental 
value for timolol (10.4 µL/min) [30], and the estimated value for 
dexamethasone (31.95 µL/min). The estimated CLconj was calculated 
based on permeability in the conjunctiva (Pconj)( 7.5 × 10-5 cm/s, [31]) 
and half of total conjunctival surface area (Sconj) of 14.2 cm2[32]. Half of 
the Sconj was used assuming that the administered drug would be 
absorbed across conjunctiva mainly from the lower fornix of conjunctiva 
The parameter values are given in the supplementary information 
(Table S2). 

Clearance of dexamethasone (CLtotal) from tear fluid was estimated 
as follows. 

CLtotal = CLconj +CLTT +CLcornea. (4) 

Then, the predicted concentration of dexamethasone in tear fluid 
should be dependent on drug release rate from hydrogel (J) and clear-
ance of released drug from the tear fluid (CLtotal) (Eq. (5)) The in vivo 
release rate was assumed to be equal to the in vitro release rate. 

CSS =
J

CLtotal
(5) 

The simulated dexamethasone concentrations in tear fluid were then 
compared to the experimental values from in vivo study. 

3. Results 

3.1. Characterization of the hydrogels 

Dried hydrogels were transparent and swelled rapidly upon immer-
sion in water and 0.9% sodium chloride solution (Fig. 2). Liquid uptake 
was dependent on the amount of AAc in the hydrogels. All swollen 
hydrogels were optically transparent (>80%) and had similar Younǵs 
moduli, with mean values of 0.41, 0.47, and 0.44 MPa for hydrogels 1, 2, 
and 3, respectively (no statistical differences). The stress–strain plots of 
water-swollen hydrogels are shown in Supplementary information 
(Fig. S1). 

3.2. Biocompatibility assessment with HET-CAM test 

In HET-CAM the hydrogels did not induce lysis, hemorrhage, or 
coagulation (Fig. 3). 

3.3. Dexamethasone loading and release in vitro 

A rapid increase in dexamethasone loading took place, mostly in 2 h 
for all hydrogels (Fig. S2). AAc slightly increased the loading levels of 
dexamethasone in the hydrogels (Table 2). 

A rapid release of dexamethasone (average rate 18.2 µg/h) was 
observed from the hydrogels in the first two hours (Fig. 4). Thereafter, 
gradually declining release rate was seen until 12 h and then the release 
remained relatively constant. Dexamethasone release was fastest from 
hydrogel-3 (with highest AAc concentration) and slowest from hydrogel- 
1 (Fig. 4). However, not all dexamethasone was released in 48 h. The 
released percentage of the loaded dexamethasone amounts at 48 h were 
61.2 ± 11.2, 68.1 ± 7.3, and 75.9 ± 6.9 % for hydrogel-1, hydrogel-2 
and hydrogel-3, respectively. 

3.4. In vivo pharmacokinetics in rabbit tear fluid 

Hydrogel-3 was selected to the in vivo studies, and it was well 
tolerated, causing no visible symptoms (redness, swelling). Since 
different doses were used (solution 2.5 µg, suspension 25 µg and 
hydrogel 56.88 µg), we dose normalized the tear fluid concentrations to 
dexamethasone dose in the suspension (25 µg) assuming linear kinetics. 
The dose normalized (25 µg) concentrations of dexamethasone in tear 
fluid are shown in Fig. 5, while actual dexamethasone concentrations in 
the tear fluid without dose-normalization are in Fig. S3. 

The dexamethasone concentrations in the tear fluid after topical 
hydrogel administration remained rather constant for 120 min (mean 
concentrations were 18 ± 1.8 µg/mL). After instillation of a suspension, 
dexamethasone concentrations in tear fluid dropped ≈ 5-fold within 5 

Fig. 1. A model for dexamethasone kinetics in the tear fluid after hydrogel 
application. Meaning of the symbols are as follows. k, release rate of dexa-
methasone from the hydrogel; CLConj, clearance from tear fluid by conjunctival 
absorption; VTF, tear fluid volume; CLCornea, clearance from tear fluid by corneal 
absorption; CTF concentration of dexamethasone in tear fluid; CLTT, clearance 
from lacrimal fluid by tear turnover. 

Fig. 2. Swelling (%) of hydrogels in A) water, and B) 0.9% sodium chloride solution during 24 h. The results are expressed as a mean ± standard deviation (SD), n 
= 3. 
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min (from 274.6 ± 60.2 to 58.4 ± 25.8 µg/mL) and further ≈100-fold 
decrease was seen in 20 min post-application (to 2.8 ± 0.4 µg/mL). 
Thereafter, a slower decrease in the dexamethasone concentration was 
observed until 120 min (0.04 ± 0.01 µg/mL). 

After instillation of dexamethasone solution, the drug concentration 

in the tear fluid decreased ≈13 times, from 1.9 ± 0.4 µg/mL at 5 min to 
0.15 ± 0.01 µg/mL at 15 min after application (Fig. S3). After that time 
point the dexamethasone concentrations were below the limit of 
quantification. 

3.5. Pharmacokinetic analysis and parameters 

One compartmental model was fit to dexamethasone tear fluid 
concentrations after solution administration, while 2- compartmental 
model was fitted for the suspension concentration data. The 1/yhat2 

weighing method was selected for solution and 1/yhat weighing method 
was used for suspension, based on visual inspection and low CV% 
compared to other methods as done in previous study. Supporting in-
formation, Fig. S4. 

The AUCs of dexamethasone in tear fluid are reported in Table 3. The 
rank order of AUC values was hydrogel > suspension > solution. 

Because tear fluid samples after suspension administration contain 
both soluble and particulate dexamethasone, Fsoluble value of 0.11 was 

Fig. 3. Chorioallantoic membranes after 5 min exposure to A) hydrogel-1, B) hydrogel-2, C) hydrogel-3, D) 0.9% sodium chloride (negative control) and E) 0.1 N 
sodium hydroxide (positive control). 

Table 2 
Amounts of dexamethasone loading into hydrogels during 24 h incubation and 
dexamethasone release from hydrogels during 48 h (mean ± standard deviation 
(SD), n = 3).  

Hydrogel AAc 
(mM) 

Dexamethasone loading 
(µg/mg dry hydrogel) 

Dexamethasone release rate 
(µg/mg dried hydrogel) 

Hydrogel- 
1 

– 4.5 ± 0.2 2.8 ± 0.6 

Hydrogel- 
2 

100 4.8 ± 0.3 3.3 ± 0.1 

Hydrogel- 
3 

200 5.1 ± 0.3 3.8 ± 0.1  

Fig. 4. Cumulative dexamethasone release in 0.9% sodium chloride from hydrogel-1(circle), hydrogel-2 (square), and hydrogel-3 (triangle) as a function of time. The 
results are expressed as a mean ± standard deviation (n = 3). 
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used to determine AUC for the absorbable dissolved dexamethasone 
(AUCsoluble) in the suspension. AUCsoluble during 0–15 min was 109.9 
min*µg/mL, that is 3.8-fold higher than AUC0-15min of the solution (28.7 
min*µg/mL) and 3.3-fold lower than the AUC(0-15 min) of the hydrogel 

(368 min*µg/mL). 

3.6. Simulation of dexamethasone concentrations in the tear fluid 

The simulated and measured dexamethasone concentrations in tear 
fluid after hydrogel administration are shown in Fig. 6. We used in vitro 
release rate (18.2 µg/h) during the first two hours in the simulations. 
Two CLconj values were used (10.4 µL/min, 31.95 µL/min) were used in 
the simulations to estimate dexamethasone concentration in the tear 
fluid. The experimentally determined dexamethasone concentrations 
were in the same range with the simulated values (Fig. 6) suggesting that 
the hydrogels are releasing dexamethasone in vivo approximately at the 
same rate as in in vitro conditions. 

4. Discussion 

In this study, we present ocular pharmacokinetic analysis of topical 
hydrogel, placed on the surface of eye as contact lens, solution and 
suspension using dexamethasone as the drug. HEMA was chosen as the 
main component of the hydrogels because it is widely used in com-
mercial soft contact lenses [33–35]. The swelling of synthesized 
hydrogels in water was found to be in a similar range as previously re-
ported [27,36]. An initial burst of uptake and release of dexamethasone 
was observed in all three hydrogel formulations. This is not surprising as 
these hydrogels have relatively high-water content (≈60 %) and dexa-
methasone is a small molecule (392.5 g/mol). Previously, similar rapid 
release kinetics from hydrogels were reported for other small molecule 
drugs (e.g. cromolyn sodium, ketorolac tromethamine, ciprofloxacin) 
[37,38]. Maximum uptake (5.07 ± 0.30 µg/mg dried hydrogel) of 
dexamethasone was observed in hydrogel containing highest AAc con-
centration. Carboxylic acid moiety of AAc contributes to a higher af-
finity for dexamethasone through weak interactions with the hydroxyl 
and carbonyl groups of dexamethasone. In another study [39], the in 
vitro uptake of dexamethasone sodium phosphate (0.845 mg/ml) ranged 
from 58 to 88 ug/lens in commercial hydrogels with HEMA polymer but 
the study lacked the release data. In our in vitro study, dexamethasone 
release ranged from 61 to 76% with rapid release within initial two 
hours. In previous study [40], the in vitro release percentage of dexa-
methasone 21 phosphate disodium salt from commercial hydrogels with 
HEMA polymer ranged from 44 to 84 % with maximal release within the 
initial hour, which is in line with our release data. 

In our in vivo study, dexamethasone concentration in the tear fluid 
was 15.8 ± 2.8 µg/mL at 120 min after hydrogel administration. AUC0- 

120min value was about 72 times higher for hydrogel (2116.8 min µg/mL) 
as compared to the solution (29.3 min µg/mL). The higher precorneal 

Fig. 5. Dexamethasone concentrations in the tear fluid after topical application 
of dexamethasone suspension (Maxidex®, 25 µg dose, triangles), dexametha-
sone solution (normalized to 25 µg dose, squares) and dexamethasone-loaded 
hydrogel (normalized to 25 µg dose, circles). Means ± SEM are shown (n 
= 5–8). 

Table 3 
Area under curve (AUC) values of dexamethasone in tear fluid after topical 
administration of a solution, suspension and hydrogel. CA = compartmental 
analysis. NCA = non-compartmental analysis.  

Formulation 
(Dose, µg) 

CA NCA NCA 
AUC0 to ∞ 

(min*µg/mL) 
AUC (0-15 min) 

(min*µg/mL) 
AUC (0-120 min) 

(min*µg/mL) 

Solution (2.5 µg) 29.7 28.7 29.3 
Suspension (25 

µg) 
889* 999 1083  

97.8*◇ 109.9◇ 119.2◇ 

Hydrogel (56.9 
µg) 

– 368 2117 

*: AUC0-120 min corresponding to the initial phase of the two-compartmental 
model fitted to the concentration–time profile of dexamethasone suspension in 
tear fluid (productive phase when the drug ocular absorption occurs) 
AUC0 to ∞: Area under curve from 0 to infinity. 
AUC (0-15 min): Area under curve from 0 to 15 min. 
AUC (0-120 min): Area under curve from 0 to 120 min. 
◇: estimated contribution of soluble dexamethasone fraction (0.11) (Eq. (3)). 

Fig. 6. Simulated and observed in vivo dexamethasone tear fluid concentrations after application of hydrogel. The observed in vivo results are expressed as mean ±
standard error of the mean (SEM) (n = 5). 
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retention and exposure in the tear fluid indicates better efficacy of 
dexamethasone hydrogel. To our knowledge, no prior in vivo study 
comparing tear fluid concentrations of dexamethasone exist in the 
literature. While, previous in vivo studies carried out in rabbit have 
demonstrated 1.5-fold and 7-fold longer retention of timolol and keto-
tifen fumarate respectively in tear fluid following hydrogel application 
compared to solutions [43,44]. In another in vivo pharmacokinetic study 
in rabbit, a dramatic increase in mean residence time (>100 fold) and 
AUC (>1000 fold) of hyaluronic acid in tear fluid was observed with 
hydrogel administration [45]. 

A single dose of nearly saturated dexamethasone solution (0.01%) or 
dexamethasone suspension (0.1%) was topically applied to rabbits in 
vivo. The dexamethasone tear fluid concentrations after solution 
administration were one order of magnitude lower than after suspension 
delivery (Fig. S2). As dexamethasone exists as both solid and dissolved 
forms in the suspension samples, we further compared AUC for 
absorbable dissolved dexamethasone to the solution. In addition to 
higher exposure of absorbable dexamethasone in tear fluid (Table 3), the 
suspension retained longer in tear fluid as compared to solution (Fig. 5). 
The AUC values for absorbable dexamethasone for initial 15 min from 
three formulations showed that hydrogel (368 min µg/mL) provided the 
highest drug exposure in the tear fluid while the solution provided the 
lowest values (28.7 min µg/mL). 

In vivo drug release rate in the lacrimal fluid may deviate from in vitro 
release rate in sink conditions. The reasons for the possible deviations 
include: (1) different compositions and concentrations of the buffers in 
the media; (2) different volumes of the release media in vivo and in vitro; 
(3) reflex eye blinking; (4) drug solubility; (5) loss of sink conditions in 
vivo for many reasons. In vivo release in the tear fluid is not well un-
derstood, and in vitro – in vivo correlation would be desirable for drug 
development. Previously release of relatively water-soluble timolol from 
silicone inserts was estimated to be equal in vitro and in vivo in the tear 
fluid of rabbits [46] and humans [26]. Deviations between in vitro and in 
vivo release rates are more likely with poorly water-soluble drugs since 
in vitro release studies are performed in sink conditions to avoid any 
solubility limitations in drug release. Even though tear fluid has very 
small volume (7 µL), in vivo release of dexamethasone was estimated to 
be similar with in vitro release based on our simulations (Fig. 6). This is 
due to the effective clearance of the released dexamethasone from the 
tear fluid. Indeed, the average dexamethasone tear fluid concentrations 
after hydrogel administration (18 ± 1.8 µg/mL) is less than 20% of the 
solubility of dexamethasone in water (110 µg/mL) [28], suggesting that 
the sink conditions are maintained in vivo in the tear fluid. 

5. Conclusion 

Pharmacokinetics of dexamethasone in lacrimal fluid was evaluated 
after delivery in solution, suspension, and hydrogel. The hydrogel de-
livery resulted in highest soluble dexamethasone exposure and pro-
longed concentrations in the tear fluid. Also, instillation of suspension 
resulted in increased exposure to soluble dexamethasone in lacrimal 
fluid as compared to the solution. Results from pharmacokinetic simu-
lations and experimental data suggest that the hydrogel released dexa-
methasone similarly in vitro and in vivo suggesting that sink conditions 
were maintained for dexamethasone in the lacrimal fluid. Successful in 
vitro in vivo extrapolation will be useful in further development of gels 
and other topical ocular formulations. The presented gel formulations 
have potential as long-acting drug delivery system. 
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