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Abstract

Purpose—To prepare a suspension form of diclofenac and compare the influence of the injected
form (suspension versus solution) on the intravitreal pharmacokinetics of diclofenac in Dutch belted
pigmented rabbits.

Methods—Diclofenac acid was prepared and characterized in a suspension formulation. Rabbit
eyes were injected with either diclofenac sodium solution (0.3 mg) or diclofenac acid suspension (10
mg) prepared in 0.1 mL balanced salt solution. Rabbits were killed at regular time intervals, the eyes
enucleated, and drug content quantified in the vitreous humor and retina-choroid tissue by high-
performance liquid chromatography. Pharmacokinetic models were developed for both the dosage
forms, and simulations were performed for different doses.

Results—Diclofenac acid with an approximate 5-um particle size exhibited 3.5-fold lower
solubility in vitreous humor, when compared with its sodium salt. The estimated settling velocity of
the suspension in the vitreous humor was 3 cm/h. After diclofenac sodium salt solution injection,
drug levels declined rapidly with no drug levels detectable after 24 hours in the vitreous humor and
4 hours in the RC. Throughout the assessed time course, drug levels were higher in the vitreous.
However, sustained, high drug levels were observed in both the vitreous humor and the retina-choroid
even on day 21 after diclofenac acid suspension injection, with retina-choroid drug levels being
higher beginning at 0.25 hour. The elimination half-life of diclofenac suspension was 24 and 18 days
in vitreous and retina-choroid, respectively, compared to 2.9 and 0.9 hours observed with diclofenac
sodium. The pharmacokinetic models developed indicated a slow-release distribution or depot
compartment for the diclofenac acid suspension in the posterior segment. Simulations indicated the
inability of a 10-mg dose of diclofenac sodium solution to sustain drug levels in the vitreous beyond
11 days.

Conclusions—ByYy choosing a less soluble form of a drug such as diclofenac acid, vitreous
elimination half-life can be prolonged up to 24 days, potentially resulting in therapeutic levels in the
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posterior segment tissues for a few months. Higher detectable drug levels in the retina-choroid
suggest rapid settling and persistent retention of suspension in retina-choroid tissue.

Methods

Anti-inflammatory corticosteroids are being used in the clinical settings for the treatment of
age-related macular degeneration (AMD) and diabetic macular edema, which are common
causes of vision loss in the United States.1=* However, due to the high prevalence of side
effects associated with the use of corticosteroids,*° there is a need to identify other anti-
inflammatory agents with a better safety profile. Recent studies have demonstrated the
usefulness of nonsteroidal anti-inflammatory drugs (NSAIDs) as an alternative.5~8 NSAIDs
are potent cyclooxygenase (COX) inhibitors and anti-inflammatory agents, with potential
antiproliferative and antiangiogenic effects as well.® Also, NSAIDs are not associated with
cataract formation or elevated intraocular pressure,10 the main side effects of intravitreal
corticosteroids. Since topical administration of NSAIDs does not deliver appreciable drug
quantities to the posterior segment,1! intravitreal administration of NSAIDs remains a viable
option for treating posterior segment disease. However, repeated intravitreal injections entail
a risk of retinal detachment and endophthalmitis. A possible alternative to frequent injections
of drug solutions is the development of sustained release systems or molecules with prolonged
half-lives to reduce injection-related complications, provide enhanced duration of drug effects,
and reduce any high-peak-concentration—related side effects encountered with the solution
form of the drug.

Diclofenac, an NSAID, exerts its action by inhibition of both the COX and lipoxygenase
pathways.12 Although diclofenac has been used topically in the treatment of inflammatory
conditions, recent focus has been on intravitreal delivery (Baranano DE et al. IOVS
2008;49:ARVO E-Abstract 5606).13 Diclofenac sodium was found to be safe and nontoxic up
to a dose of 0.3 mg after intravitreal administration. Since diclofenac sodium is a low-
molecular-weight drug (MW1t: 318.13), when in solution, as is the case with its commercial
ophthalmic formulations, it is predicted to disappear rapidly from the vitreous humor, with a
short half life of 2.87 hours.14 To maintain safe levels of diclofenac for prolonged periods in
the eye, slow-release drug delivery systems such as nanoparticles,1>:16 microparticles,® or
implants” may be useful. Alternatively, the use of a suspension or less soluble form of the
drug may be useful in prolonging intravitreal drug delivery. For instance, intravitreal
triamcinolone acetonide drug suspension is known to sustain drug levels up to 8 months.18
Keeping the earlier success of triamcinolone acetonide suspension in mind, the objective of
this study was to prepare and assess intravitreal drug delivery from a suspension dosage form
of diclofenac acid and compare it with diclofenac solution. A pigmented rabbit model was used
in this study, because human eyes are pigmented!® and the drug elimination from the
vitreous4 and delivery to the back of the eye can be influenced by eye pigmentation.20
Furthermore, pharmacokinetic models were developed in this study to explain the delivery of
diclofenac to tissues of the posterior segment from solution and suspension dosage forms.

Preparation and Characterization of Diclofenac Acid

Diclofenac sodium salt, acetonitrile, and trifluoroacetic acid were purchased from Sigma-
Aldrich Co. (St. Louis, MO). Diclofenac acid was prepared by acidification of an aqueous
solution of diclofenac sodium. Briefly, 1.59 g of diclofenac sodium salt (Sigma-Aldrich) was
dissolved in 300 mL of deionized water. This solution was taken in a stoppered extraction flask,
and 100 mL of chloroform was added to the solution. To this solvent mixture, 1 mL of
hydrochloric acid (37%) was added, and the mixture was shaken for 15 minutes manually and
then allowed to stand for 1 hour. The chloroform layer was collected in a round-bottomed flask,
and the solvent was evaporated by using a rotary evaporator for 6 hours. The dried powder
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(diclofenac acid) was collected and stored in a vacuum desiccator. The yield of diclofenac acid
was 1.32 g.

Diclofenac sodium and the prepared diclofenac acid were characterized by Fourier transform
infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). Infrared spectra
were acquired with a Fourier transform infrared spectrometer (MB-series; ABB Bomem
Quebec City, Quebec, Canada). Samples were prepared by the KBr pelletization method. A
128-scan interferogram was collected for each spectrum in single-beam mode with a resolution
of 4 cm~1. A commercial system was used for analyzing samples for the DSC studies (Diamond
DSC, equipped with an Intercooler 11 system for cooling; data analyzed with Pyris 7.0 software;
Perkin-Elmer, Boston, MA). Weighed samples (5.5 mg of diclofenac acid; 5.4 mg of diclofenac
sodium) were placed in aluminum pans and hermetically sealed. The samples were heated at
10°C/min in aluminum pans under nitrogen purging (20 mL/min). Finally, the particle size of
diclofenac suspension was measured in PBS (pH 7.4) by dynamic light-scattering (Nicomp
Particle Sizing Systems, Milford, NJ).

Determination of Solubility of Diclofenac Acid and Sodium Salt in PBS and Vitreous Humor

Solubility of diclofenac sodium and diclofenac acid was determined as follows. Briefly, an
excess of diclofenac sodium (> 100 mg) or diclofenac acid (> 30 mg) was added to 2 mL of
PBS (pH 7.4) or bovine vitreous humor (bovine eyes were obtained from a local abattoir) in
capped tubes (in triplicate). The tubes were vortexed for 3 minutes and then kept for shaking
at 150 rpm at 37°C for 24 hours. After equilibration, vitreous samples were centrifuged at
10,000g for 20 minutes to separate the excess of insoluble drug. The supernatant was taken
and processed as mentioned in the drug extraction section.

Determination of the Settling Rate of Suspension

As particles tend to settle under gravity, the sedimentation rate of diclofenac acid suspension
was calculated by using the Stoke's law:

sedimentation rate  V (m/s) =2R> [(o1—p2)gl/ 9 p) (1)

where R is the radius of the particles (in meters), pq is the mass density of particles (kilogram/
cubic meter), po is the mass density of fluid (kilogram/cubic meter), g is the gravitational
acceleration (meters per second squared), and x is the viscosity of the fluid (kilogram/meter/
second).

The mean particle size of the suspension was determined with a particle size analyzer. Density
of diclofenac acid (p1) was calculated to be 1.431 % 0.06 g/cm3 (Advanced Chemistry
Development Software ver. 8.14 for Solaris; ACD Laboratories, Toronto, Ontario, Canada).
Vitreous viscosity (u = 6.9 x 103 g/cm/s) and density (p» = 1 g/cm3) were obtained from Park
etal 2l

Intravitreal Pharmacokinetic Study

Animal studies were conducted in collaboration with Stephen Kim at the Emory Eye Center
in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Thirteen Dutch belted rabbits were used for the pharmacokinetic study. Both
diclofenac salt solution and diclofenac acid suspension were prepared in balances salt solution
(BSS; Alcon, Fort Worth, TX). For the solution study, six rabbits were injected with 0.3 mg
of diclofenac sodium solution (0.1 mL) in the vitreous of both eyes, and one rabbit was killed
at each time point. The time points were 15 minutes and 1, 2, 4, 24, and 48 hours after injection.
For the suspension formulation study, seven rabbits were injected with 10 mg diclofenac acid
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suspension (0.1 mL) in the vitreous of both eyes, and one rabbit was killed at each time point.
The time points were 15 minutes; and 6 and 24 hours; and 2, 7, 14, and 21 days. Each eye was
enucleated, immediately frozen in liquid nitrogen, and stored at —70°C. The frozen eye was
subsequently prepared by carefully isolating the vitreous and the combined retina-choroid (RC)
layer.

Extraction of Diclofenac from Tissues for HPLC Analysis

For drug extraction in the diclofenac solution study, a weighed quantity of RC or vitreous
humor was added with 10 xL of internal standard (ketorolac tromethamine, 1 mg/mL) and
homogenized in 1 mL of PBS (pH 7.4). An aliquot of 0.5 mL of dichloromethane was added
to the homogenate and vortexed for 15 minutes followed by centrifugation at 10,000 rpm for
15 minutes. The aqueous layer was separated, and an aliquot of 0.1 mL was injected onto HPLC
for analysis. In the case of diclofenac acid, the samples were homogenized in 0.5 mL of PBS
(pH 7.4) and the drug was extracted into 1 mL of dichloromethane without an internal standard.
The separated organic layer was evaporated under a nitrogen stream, and the residue was
reconstituted in 0.2 mL of mobile phase and injected onto HPLC for analysis.

HPLC Conditions for Diclofenac Analysis

An HPLC system including a solvent delivery pump (TM 616; Waters, Milford, MA), a
controller (model 600 S; Waters), an autoinjector (model 717 plus; Waters), and a photo diode
array detector (PDA; 996, Waters) was used in this study. The mobile phase used for eluting
diclofenac was an isocratic mixture of acetonitrile and deionized water (containing 0.1%
trifluoroacetic acid; 50:50, vol/vol) pumped at a flow rate of 1.2 mL/min. Diclofenac sodium
was eluted on a C-18 column (EC 125/4.6; 100-5; Nucleosil; Varian, Inc., Palo Alto, CA) with
a retention time of 6.6 + 0.12 minutes. Diclofenac acid was eluted with a C-18 column (150 x
4.6 mm; MV 100-5; Microsorb; Varian, Inc.) with a retention time of 4.7 + 0.3 minutes. Signal
linearity was observed between 0.05 and 25 ug/mL (R% = 0.9997) for diclofenac sodium in
PBS and between 0.1 and 25 xg/mL (R2 = 0.9994) for diclofenac acid in acetonitrile.

Pharmacokinetic Analysis, Modeling, and Simulation of Data

Vitreous and RC drug levels were analyzed by noncompartmental analysis (WinNonlin
software, ver. 1.5; Scientific Consulting, Inc., Apex, NC). Vitreous data were fit to the bolus
intravenous administration model, and RC data were fit to the extravascular input model.
Pharmacokinetic modeling of the data were performed using Berkeley Madonna software (ver.
8.3.8; University of California, Berkeley). Modeling was achieved in a forward approach
starting with a single compartment. Estimation of model parameters was performed by the
curve-fitting procedure, and the integration method used was Runge-Kutta 4. Pharmacokinetic
models were developed to simultaneously fit both the vitreous and RC tissue data. Models
comparison and selection was based on the goodness-of-fit metric, the second-order Akaike
information criterion (AICc).22 AICc was computed using the following equation:

AlCc= {n : log[ 3 (vi-viry /n]} 2+ [2p(P+1) [ (n=p - 1)]

(2)

where n is the number of observations, Yi is the observed value, Yi” is the model predicted
value, and p is the number of model parameters. The coefficient of determination (R?) was
estimated (Data Analysis Toolpak; Excel 2000; Microsoft, Redmond, WA). The model with
lowest AlCc was considered the best among the developed models. The models developed for
a particular dosage form (solution or suspension) were compared based on the AAICc and
Akaike weights. AAICc is the measure of each model in comparison to the best model (model
with lowest AICc) and is calculated using the following equation:

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Durairaj et al.

Results

Page 5
AAICc=AICci — lowest AICc (3)

where AlCci is the AICc of the model i and lowest AICc is the AlICc of the best model. A
AAICc < 2 indicates substantial evidence for the model, 3 to 7 indicates less support for the
model, and >10 indicates that the model is very unlikely.2? Akaike weight is the ratio of AAICc
for each model relative to the entire set of n models as shown in the equation below:

o  ohi—a(~AAICCI/2) (~AAICc/2)
Akaike weight=e / Z e @

Akaike weights indicate the probability that the selected model is the best among the entire set
of other models.

The pharmacokinetic parameters obtained for diclofenac sodium solution (0.3-mg dose) was
used to simulate a profile for higher dose of solution (10 mg) and was compared with the
observed profile in the vitreous and retina after 10 mg intravitreal injection of suspension
(diclofenac acid). The pharmacokinetic parameters obtained for diclofenac acid suspension
(10-mg dose) was used to simulate a profile for a lower dose of suspension (0.3 mg) and was
compared with the observed profile for the 0.3-mg solution (diclofenac sodium). Also
simulations were performed for other doses including 0.5, 0.75, and 1.5 mg, to predict the
vitreous and RC tissue concentrations.

Characterization by FTIR and DSC

The FTIR spectra of diclofenac sodium and diclofenac acid are shown in Figures 1A and 1B,
respectively. The prominent feature of the diclofenac acid spectra in comparison to the
diclofenac sodium spectra is a sharp peak at 3323.24 cm™ corresponding to the O—H stretch
of the carboxylic acid. Other confirmation for the formation of free carboxylic groups include
a peak at 1694.28 cm™! corresponding to the C=0 stretch and a peak at 1160.30 cm™2
corresponding to the C—O stretch. The DSC curve of diclofenac sodium (Fig. 2A) exhibited
a sharp endothermic peak of melting at 298°C (AH = 104.794 J/g). However, the endothermic
melting peak of diclofenac acid was observed at 179.5°C (AH = 108.933 J/g) as shown in
Figure 2B, and similar melting points were previously reported for diclofenac acid,23 indicating
the material to be diclofenac acid.

Solubility of Diclofenac Acid in PBS (pH 7.4) and Bovine Vitreous Humor and Settling Rate
of Suspension

Solubility of diclofenac sodium in PBS was 6.18 + 0.48 mg/mL, whereas that of diclofenac
acid in PBS was 1.37 + 0.06 mg/mL. A 4.5-fold decrease in the solubility of diclofenac acid
was observed when compared with its sodium salt. Solubility of diclofenac sodium in vitreous
humor was 6.55 + 1.40 mg/mL and that of diclofenac acid was found to be 1.87 + 0.27 mg/
mL. This observed solubility was almost similar to that measured in PBS (pH 7.4). This low-
solubility diclofenac acid was used to prepare the suspension for intravitreal injection. Based
on the particle size of the diclofenac suspension (5.08 + 1.35 um mean diameter), the settling
rate calculated for the suspension was 3.06 cm/h.

Pharmacokinetic Analysis of Vitreous and RC Tissue Concentrations

Diclofenac concentrations in the vitreous and RC tissue after intravitreal injection of diclofenac
sodium solution and diclofenac acid suspension are shown in Figure 3. The Cyax (peak

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Durairaj et al.

Page 6

diclofenac concentration) in the vitreous was 79.90 xg/mL and 6.52 ug/g in RC after intravitreal
injection of diclofenac sodium solution. The drug levels were not detectable (below the
quantitation limit, 50 ng/mL) after 24 hours in the vitreous and after 4 hours in the RC tissues.
In the case of diclofenac acid suspension, the Cp,ax level in the vitreous was lower (47.71 ug/
mL) than the diclofenac sodium solution dose. The drug concentrations in the vitreous declined
to 0.46 ng/mL at 24 hours followed by sustained drug levels until the last measured time point
(0.14 ng/mL at 504 hours). Although the Cp,ax Of the suspension dosage form was lower for
the RC tissue levels (23.15 ug/g) when compared with the vitreous, higher drug levels were
observed at all time points after 6 hours when compared with vitreous. The drug levels remained
higher in these tissues until the last observed time point (0.57 xg/g at 21 days). Considering
diclofenac acid solubility of 1.87 mg/mL in the vitreous humor and an administered dose of
10 mg, a large fraction of the dose would be in suspended particles, which would form the
depot to provide the sustained levels observed on day 21.

The noncompartmental pharmacokinetic parameters estimated for diclofenac administered in
solution and suspension dosage forms are summarized in the Table 1. The AUCq_j,s of
diclofenac sodium (solution injection) in the vitreous was higher (321.30 «g - h/mL) when
compared with the tissue levels (10.57 ug - h/g). The elimination half-life (t%2) of the drug from
vitreous was 2.85 hours and that from the RC tissues was 0.92 hour. Similar to the t%2, the mean
residence time (MRT) of the drug in vitreous was higher (2.54 hours) when compared with RC
tissue (1.40 hours). However, in the case of diclofenac acid suspension, the AUC_jns was lower
in the vitreous (415.24 ug - h/mL) when compared with the RC tissues (919.82 ug - h/g). A
biphasic elimination curve was observed in both vitreous and RC tissues indicating an initial
rapid distribution followed by a slower elimination from both the tissues. The elimination half-
life was very high in both vitreous (581.39 hours) and RC (436.83 hours). The MRT of the
drug after administration as suspension was higher in the RC tissues (546.07 hours) than in the
vitreous (431.38 hours). The in vivo mean dissolution (or release) time (MDT), the difference
between the MRT for suspension and solution forms, was 429 hours based on vitreous data
and 545 hours based on RC data.

Development of PK Models for Simultaneous Fit of Vitreous and RC Tissue after Intravitreal
Injection of Diclofenac Sodium Solution

The PK modeling was performed with a forward approach in which two compartments
denoting vitreous (compartment 1) and RC tissues (compartment 2) were used, as shown in
model 1A (Fig. 4A). The model assumed administration of 0.3 mg diclofenac sodium solution
in the vitreous from where it was distributed to RC followed by elimination from the RC tissues.
The observed vitreous and tissue data fitted well to this model (R? = 0.9807; AICc = 14.0768).
Addition of a distribution compartment to RC as shown in Figure 4B (model 1B) resulted in
poor model fit as indicated by high AICc (R? = 0.9807; AICc = 49.9529). Also inclusion of a
parallel elimination pathway (K1 in model 1C; Fig. 4C) from the vitreous in addition to
elimination from RC tissues did not improve the model fit to the observed data (R% = 0.9807;
AICc = 26.2740). None of these models improved the fit when the backflow rate constant
(K21) was included, indicating no significant drug redistribution from RC to vitreous.

Development of PK Models for Simultaneous Fit of Vitreous and RC Tissue after Intravitreal
Injection of Diclofenac Acid Suspension

For modeling the suspension data, a simple model with two compartments denoting vitreous
(compartment 1) and RC (compartment 2) was used similar to the solution model. As shown
in Figure 5A, the model 2A did not fit the later time points, and the AICc was 23.0612 (R2 =
0.9972). Addition of a distribution compartment to the RC tissues as indicated in model 2B
(Fig. 5B), improved the model fit for only RC tissue data (R2 = 0.9994; AlCc = 10.6825).
Further addition of the distribution compartment to the vitreous as indicated in model 2C (Fig.
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5C) improved the overall fit for both the vitreous and RC (R2 = 0.9999; AICc = -5.6902).
Addition of a parallel elimination path (Kq) from the vitreous to the above models did not fit
the data well and also increased the AlICc. Hence, in further modeling, parallel elimination
from vitreous was not included. None of these models improved the fit when the backflow rate
constant (K1) indicating drug redistribution from RC to vitreous was included.

Suspension data were further modeled by using a release constant (K,e|) parameter indicating
slow dissolution of drug from the suspension. Inclusion of K, in the model without any
distribution compartment for both vitreous and RC tissue (model 2D, Fig. 5D) resulted in
moderate fit for both the compartments (R2 = 0.9990; AlCc = 13.8795). However, addition of
a distribution compartment to the RC tissue as shown in model 2E improved the model fit to
both vitreous and tissue data (Fig. 5E, R2 = 0.9998; AlICc = 3.3304). Further addition of a
distribution compartment to the vitreous as shown in model 2F (Fig. 5F) resulted in improved
fitas indicated by high R2 (0.9999) and low AlCc (—0.1149). Also, the release from suspension
was modeled with a zero-order rate constant as shown in Figure 5G (model 2G, Ky = 0.7362
ug/h). However, this model fit (R2 = 0.9997; AICc = 40.0837) was not better than the previous
model, assuming first-order release constants.

Both the vitreous and RC drug profiles in the case of the suspension exhibited a rapid
elimination (first phase) followed by a slow elimination (second phase). To explain this varying
release profile, models were constructed assuming different release constants for drug release
from the suspension. In the first model (Fig. 5H; model 2H), two different first-order release
constants were assumed for drug release from the suspension. However, there was not much
difference between both the release constants (Kyej1 = 0.0031 hour; Kep2 = 0.0065 hour1)
and the estimated duration of the K1 was 24.99 hours. This model fit both the vitreous and
tissue data well with R2 = 0.9998 and AlICc = 33.7070. In the next model (model 21), an initial
first-order release (K¢ = 0.0031 hour—1) followed by a zero-order release (Kq = 0.076 ug/h)
was fit to the data (Fig. 51). The initial first-order release constant was assumed for the drug
solubilized in the injection vehicle, which diffuses faster in the vitreous, and the later zero-
order release for the suspension depot formed. The results indicated a good fit of the model to
vitreous and RC data (R? = 0.9998 and AICc = 33.6359). Similar results were obtained for
model (Fig. 5J; model 2J) assuming an initial zero-order release (Kg = 0.105 ug/h) followed
by a first-order release (K¢ = 0.0031 hour ~1) of drug from the suspension (R? = 0.9998 and
AlCc = 33.6592). Also, model was developed assuming a simultaneous bolus and suspension
dose with zero-order drug release from the suspension into the vitreous (Fig. 5K; model 2K).
When the suspension was injected into the vitreous, the soluble part of the dose might have
been the bolus part and the insoluble depot the suspension part releasing the drug in zero-order
fashion. This model fit both the vitreous and RC data; however, the AlICc was higher when
compared with other models (49.5468). Finally, PK models were developed assuming settling
of suspensions. Based on the suspension particle size (5 um) the calculated settling rate was
3.06 cm/h. In model 2L (Fig. 5L), first-order release was assumed for drug release from
suspension to the vitreous and also to RC from 0.25 hour, accounting for the suspension settling.
This model also included a distribution compartment to the RC tissues. However, as evident
from Figure 5L, poor fit was observed for the vitreous data (R2 = 0.9996; AICc = 35.1318).
However, inclusion of a distribution compartment (model 2M; Fig. 5M) improved the model
fit to both vitreous and RC tissues (R2 = 0.9998; AlICc = 42.8077).

Comparison and Selection of Models

The AAICc and Akaike weights of the various models computed for diclofenac sodium solution
injection and diclofenac acid suspension are summarized in Table 2. Model 1A with the lowest
AlCc (14.0768) was the best fit model for the solution data. The delta AlCc of other models
relative to model 1A were >10, indicating the these models were unlikely.22 Also the high
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Akaike weight (0.9953) of model 1A clearly indicated the high probability (>99%) that this
model was the best among the other models developed for diclofenac sodium solution. The
parameter estimates obtained from model 1A are summarized in Table 3.

The best fit model in the suspension group was model 2C with AlCc = -5.6902. The AAICc
of all other models relative to model 2C were greater than 5, indicating that all these models
were unlikely.22 This finding was further confirmed by the high Akaike weight (0.9321) for
model 2C, indicating the greater probability (>93%) that this model was the best among other
models developed for diclofenac suspension. The next close best-fit model was model 2F (AlICc
=-0.1149) which included a first-order release constant parameter in addition to the best-fit
model (model 2C). Addition of the first-order release constant provided a good fit, but no
further improvement in the model fit was observed, and hence the previous model (model 2C)
without release constant was selected as the best-fit model for the suspension. All other models
assuming sequential or simultaneous first- and zero-order release constants from suspension
were of higher AICc because of the large number of parameters involved. The final parameter
estimates of the best-fit model (model 2C) are given in Table 3. Among the models with two
different release constants (models 2H, 21, 2J), no difference in the AICc was observed among
these three models. However, based on the goodness-of-fit criteria, these models were not
better than model 2C.

Simulation of PK Models of Solution and Suspension Dosage for Different Dose Levels

The final parameter estimates obtained from the best-fit model (Table 3; model 1A) for
diclofenac sodium solution after 0.3 mg intravitreal injection was used to simulate for higher
doses. Figure 6A depicts the simulated drug concentrations in both vitreous and RC tissues for
a 10-mg injection of diclofenac sodium as solution. The simulated values indicated rapid
clearance of drug with <50 ng/mL (LOQ); limit of quantification) detectable in the vitreous
after 26.6 hours and after 19.6 hours in the RC tissues. However, higher concentrations were
observed in the vitreous (0.14 xg/mL) and RC (0.57 ug/q) after intravitreal injection of the
same dose of diclofenac acid in the suspension dosage form as shown in Figure 6A. The
simulated drug levels for the 0.5-mg dose indicated no detectable levels (<50 ng/mL) in the
vitreous (Fig. 6B) after 19 hours or in the RC after 12.4 hours (Fig. 6C). Similar results were
obtained for simulation of the 0.75-mg dose (20.4 hours in vitreous and 13.4 hours in RC) and
the 1.5-mg dose (22 hours in vitreous and 15 hours in RC).

The results of simulations using the final parameters obtained from 10 mg diclofenac acid
suspension (Table 3; model 2C) for lower doses were given in Figures 7A and 7B. Simulations
result indicated higher drug levels detectable in the retina for the 0.3-mg suspension (> 50 ng/
mg until 11 hours), whereas no drug was detected after 4 hours with the 0.3-mg solution dose
(Fig. 7A). The simulated drug levels for the other three doses—0.5 mg, 0.75 mg and 1.5 mg
(Fig. 7B)—indicated higher detectable drug levels (>50 ng/mg) in the RC tissues at 168, 429,
and 909 hours, respectively.

Discussion

Intravitreal injections are being increasingly used in the treatment of posterior segment eye
diseases to provide more efficient drug delivery to the back of the eye when compared with
other routes. To maximize therapeutic effect, the injected drug should be retained for longer
periods of time (longer half-life) in the vitreous. Diclofenac, an NSAID, is used topically to
treat ocular inflammation. Intravitreal injection of diclofenac, however, significantly increases
drug delivery to the posterior segment. The intravitreal retention of drugs is affected, not only
by their physicochemical properties, but also by the form of the dose administered. In the
present study, the influence of the form of the dose on the intravitreal pharmacokinetics of
diclofenac was investigated. Pharmacokinetic studies were conducted in rabbits, and
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mathematical models were developed to fit both the solution (diclofenac salt; 0. 3 mg) and
suspension (diclofenac acid; 10 mg) data. Further, final simulations were performed for
different doses of diclofenac to predict drug levels in eye tissues.

Less soluble diclofenac acid suspension was prepared from diclofenac sodium salt by an
acidification process followed by extraction into an organic solvent. The solvent was
evaporated to collect diclofenac acid crystalline powder. Solubility of diclofenac acid was
reduced by 4.5-fold in PBS (pH 7.4) and by 3.5-fold in the vitreous humor. The solubility of
diclofenac acid in the vitreous humor was 1.87 mg/mL. As discussed in subsequent paragraphs,
this difference in the solubility between diclofenac acid and diclofenac sodium resulted in more
prolonged drug delivery with the former. Solubility of diclofenac acid was ~100-fold higher
in the vitreous humor (and in PBS) at pH 7.4 and 37°C, when compared to its previously
reported solubility in deionized water at 25°C (17.8 ug/mL).24 This increased solubility of
diclofenac acid in buffer and vitreous humor may be attributable to the ionization of the
compound at pH 7.4 (diclofenac acid has a pKa of 4.5). Results obtained in the present study
indicate that the solubility measured in PBS (pH 7.4) buffer at 37°C closely resembled the
vitreous humor solubility. Application of literature solubility data, which were mostly reported
at room temperature or 25°C, for interpreting in vivo results should be viewed with caution,
as those data may under- or overpredict the actual solubility of the drug in vivo.

The vitreous elimination half-life of diclofenac administered as solution was faster (2.85 hours)
when compared with the suspension (581.39 hours or 24 days). Furthermore, the mean
residence time (MRT, the average time a molecule resides in a particular tissue) of diclofenac
solution was shorter (2.54 hours) when compared with 431.38 hours or 18 days for the
suspension. Similar results were observed for the t%2 and MRT in the RC tissues of suspension
group when compared with the solution group. The much longer in vivo half-life than that
predicted by solubility reduction!4 suggests the potential formation of a type of depot that
further reduces drug release in vivo compared with that anticipated based on in vitro studies.

A low dose (0.3 mg) of diclofenac sodium solution resulted in higher bioavailability in the
vitreous, as indicated by its dose normalized AUCq_js (1072.5 ug - h/mL/mg dose), when
compared with a higher dose (10 mg) of diclofenac acid suspension (41.5 xg - h/mL/mg dose).
However, the retinal availability was better with the suspension, possibly due to its rapid
settling onto the retina. Perhaps because of similar reasons and the measurement of a largely
free form of the drug as opposed to the suspended form in the vitreous, after intravitreal
injection of a triamcinolone acetonide (6 mg) suspension in rabbits, low drug levels (14.434
ug/mL) were detected in the vitreous at the first time point.18 With the diclofenac acid
suspension, unlike the vitreous, the dose normalized AUCq_ijnf levels (91.98 ug - h/g tissue/mg
dose) were higher in the RC tissues than in the vitreous (41.52 xg - h/mL/mg dose) and also
when compared with the dose-normalized AUCq_jn in the RC of diclofenac sodium solution
(35.23 g - h/g tissue/mg dose). Although high initial concentrations were not achieved with
the suspension dosage form, a sustained release of the drug was measurable for long periods
(21 days in the present study) in both vitreous and RC tissues. This finding can be explained
by the fact that administration of a high concentration of a drug in the vitreous (which exceeds
the drug solubility by severalfold) forms an intravitreal depot that releases the drug in a
sustained fashion. Such a depot formation in the vitreous was reported previously for less
soluble drugs like triamcinolone acetonide.2°

In case of suspension, the RC drug levels were higher than the vitreous after the first time point
(0.25 hour). No literature data are available on the retinal drug levels after intravitreal injection
of suspensions in rabbits.14 There are two possible explanations of the observed high RC drug
levels. The retina is known to be the major elimination pathway for lipophilic drugs, because
of the high partitioning.26 Possibly because of the more lipophilic nature of diclofenac acid
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compared with its salt form, RC tissue uptake of diclofenac acid was higher than that of
diclofenac sodium. Another reason may be the sedimentation of suspension on the inferior
retina due to gravity. Suspensions usually are of large size (in micrometers), high-density
particles, and tend to settle faster than the solution dosage form. Such translocation of
intravitreally injected microparticles (7 «m) to the retina has been observed in earlier reports.
27 particles of size 800 nm are estimated to settle in the vitreous at a rate of 1 mm/h.26 In the
present case, the administered dose was 10 mg diclofenac acid with a particle size of ~5 um.
Based on the calculated settling rate of 3.06 cm/h for this particle size, the suspension may
have settled almost completely onto the retinal layers by 0.25 hour, assuming a radius of 0.72
cm for the rabbit vitreous.28 Thus, injected suspensions can settle on the retina resulting in
higher drug levels in the RC tissues when compared with the vitreous. This result was further
confirmed by the higher MRT of the drug in the RC tissues (546.07 hours), which was longer
when compared with the vitreous (431.38 hours).

To understand the differences in the pharmacokinetics of the two dosage forms, we developed
pharmacokinetic models for both the dosage forms. Unlike the previous studies, the PK models
were developed to simultaneously fit the data for vitreous and RC. The solution data were best
fit by a simple two-compartment model including vitreous and RC tissues, with elimination
from the RC. However, the same model did not fit the suspension data, as indicated by its low
R2 and high AICc. Disposition studies with suspension clearly indicated that the suspension
dosage form exhibited different pharmacokinetics and showed distribution equilibrium
between RC and vitreous at steady state. The inclusion of distribution compartments of both
vitreous and RC tissues (model 2C) resulted in the best-fit model to the suspension data. The
distribution phase in the vitreous may be the depot of suspended particles, and K34 represents
slow release of drug from the particles. The higher volume of distribution (V) for suspension
in the vitreous also suggests a depot in the vitreous while high V4 for RC suggests a selective
tissue binding site in equilibrium with free drug in the RC that is eliminated by K.

As mentioned, suspensions form a depot and release the drug in a sustained fashion.%:2°
Although intravitreal injection delivers the suspension directly into the vitreous, the drug has
to be first released from the suspension before it can diffuse into the surrounding vitreous.
Inclusion of a drug release constant in model 2C, although fitting the data well, resulted in a
model that was no better than model 2C as indicated by the AlCc of the two models. Two
different absorption processes were shown to exist in drugs administered as suspensions.?® In
the present study, it was hypothesized that the drug release from the intravitreal suspension
follows two different release rates, as shown in model 2G. For modeling purposes, it was
assumed that intravitreal injection of a suspension leads to depot formation. The first step, the
initial diffusion of injected vehicle into the vitreous, is expected to result in rapid diffusion of
drug present in the solution form along with the vehicle. This initial phase resulting in high
initial concentrations of the drug can be associated with a fast release rate (Kej1). Once the
vehicle diffuses, the less-soluble, lipophilic drug precipitates in the vitreous forming a depot.
Formation of such intravitreal depots for lipophilic drugs like triamcinolone acetonide is widely
reported in the literature.?> Drug is released from such a precipitate at a slower rate (Kyg|2)
leading to sustained drug delivery. Models for suspensions were developed based on these two
different release rate constants with several variations, including two different first-order
release constants or one first-order release constant and one zero-order release constant.
Although these models fit the observed vitreous and tissue data well (RZ = 0.9998), the AlCc
was higher, possibly due to the use of a greater number of parameters (two different release
rates and fraction dose). Based on the AAICc and Akaike weight values, model 2C remains
the best-fit model that describes the observed suspension data well. This model assumes
distribution compartments to both vitreous and RC tissues. The distribution compartment to
the vitreous could be the suspension core. The suspension injected into the vitreous distributed
rapidly (Kq3 = 0.2889 hour~1, Table 3) into a core compartment from where drug was slowly
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released (K3 = 0.0042 hour1, Table 3) into the vitreous. All these models clearly indicate
altered pharmacokinetics of drug administered as suspension.

Simulations of suspension at 0.3 mg dose that is comparable to the solution dose assessed in
animal studies indicated the superiority of the suspension dosage form in sustaining the drug
levels in both RC and vitreous well beyond the 21-day measurement (Fig 7A). Simulation of
solution data at a 10-mg dose, which is comparable to the suspension dose assessed in animals,
indicated that drug levels decline to zero by day 11 (Fig. 6A). As indicated by additional
simulations, retinal levels can be further titrated down with lower doses of suspension (Fig.
7B). Thus, at all doses assessed or simulated, the suspension form maintains prolonged drug
delivery compared with the solution form.

One potential concern with drug suspensions or injected solid delivery systems in the vitreous
is their potential interference with vision. Maurice26 estimated that 50-nm particles when
administered at a dose of 10 mg in 4 mL vitreous, can reduce vision on eye chart by 1 line.
Further, he estimated that when 800-nm particles are administered at a dose of 0.2 mg, a similar
loss of vision can be anticipated. Thus, the suspensions or any other solid delivery system can
interfere with the vision depending on its size and dose administered, especially when it is
present in the axis of vision. However, such dosage forms may still be clinically viable, based
on the experience with other clinical approaches including off-label administration of
triamcinolone acetonide suspension up to 40 mg in the vitreous. This is because, it is the risk-
benefit ratio that ultimately matters in the use of a delivery system in the clinical setting.
Although there is certain blurring or visual obstruction by an injected solid drug, for the patients
whose vision is already severely impaired or those likely to have impaired vision due to a
disease condition (e.g., age-related macular degeneration or diabetic retinopathy), the benefit
provided by a suspension dosage form as proposed in this study is likely to outweigh the risk
of any temporary visual interference.

In this study, we used a drug suspension with a particle diameter of approximately 5 um. When
smaller particles at the same dose as larger particles are used, an increase in the drug dissolution
or release rate can be anticipated due to an increase in the particle surface area exposed to the
aqueous medium. This, in turn, will increase the clearance or removal of the drug from the
vitreous. Thus, larger particles or poorly soluble forms of the drug will prolong the drug release
and hence vitreous half-life of the drug to a greater extent when compared with smaller
particles. The particle size advantage, however, has to be weighed against its syringeability
and potential for causing vision interference. For this reason, micrometer-size particles as
developed in this study may be most appropriate.

In summary, diclofenac exhibited altered pharmacokinetics when administered in suspension
dosage form, resulting in increased mean residence time and elimination half-life, when
compared with the solution form. Intravitreally administered high-dose suspensions (that
exceeds the solubility in vitreous humor) settle under gravity on the retina, resulting in high
sustained retinal drug levels. However, the safety of such high retinal drug levels remains to
be assessed. In case retinal safety is a concern, lower doses of suspensions can be used to
maintain prolonged retinal drug levels within the therapeutic window. The pharmacokinetic
models developed in this study for solution and suspension dosage forms can potentially be
extrapolated to other drugs.
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Figure 1.

FTIR spectra of (A) diclofenac sodium and (B) diclofenac acid. In the diclofenac acid spectra,
the peaks at 1694.28 cm™1 corresponding to the C=0 stretch, the peak at 1160.30 cm™!
corresponding to the C—O stretch, and the peak at 3323.24 cm™ due to the O—H stretch of
the carboxylic acid confirmed the formation of free carboxylic acid.
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DSC thermograms of (A) diclofenac sodium and (B) diclofenac acid. The endothermic peak
of melting at 298°C of diclofenac sodium was shifted to 179.5°C in diclofenac acid, indicating
the formation of free carboxylic group.
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Diclofenac drug levels estimated in ocular tissues of Dutch belted male rabbits after intravitreal
administration of 0.3 mg diclofenac sodium solution or 10 mg diclofenac acid suspension.
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The model predicted and observed concentrations of diclofenac sodium in vitreous and RC

after intravitreal injection of 0.3 mg solution. (A) Two-compartment model. (B) Two-

compartment model with a distribution compartment to RC. (C) Two-compartment model with
parallel elimination from the vitreous and RC. The model in (A) was selected as the best-fit
model. K19, rate constant for transfer of drug from the vitreous to RC; Ky, rate constant for
elimination of drug from the RC compartment.
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Model predicted and observed concentrations of diclofenac acid in vitreous and RC after

intravitreal injection of a 10-mg suspension. (A) Two-compartment model. (B) Two-

compartment model with a distribution compartment to RC. (C) Two-compartment model with
distribution compartments to both vitreous and RC. (D) Two-compartment model with K|,
the release/dissolution rate constant for the dissolution of the drug from the suspension. (E)
Two-compartment model with a distribution compartment to RC and with K,.(F) Two-
compartment model with distribution compartments to both vitreous and RC and with K.
(G) Two-compartment model with distribution compartments to both vitreous and RC and
with Kq, zero-order release rate constant for the dissolution of the drug from the suspension.
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(H) Two-compartment model with a distribution compartment to RC and with K1 and
Krel2, two different first-order release rate constants for the dissolution of the drug from the
suspension. (1) Two-compartment model with a distribution compartment to RC and with
Krel and Ko, an initial first-order release rate constant followed by a zero-order release rate
constant for the dissolution of the drug from the suspension. (J) Two-compartment model with
a distribution compartment to RC and with Kq and K. (K) Two-compartment model with
distribution compartments in both vitreous and RC and assuming simultaneous bolus and
suspension forms of dose with K. (L) Two-compartment model with a distribution
compartment in the RC and assuming the suspension will settle on the RC in 0.25 hour. (M)
Two-compartment model with distribution compartments in both vitreous and RC and
assuming the suspension will settle in the RC in 0.25 hour. (C) This model was selected as the
best fit. K19, rate constant for transfer of drug from the vitreous to RC; K13, rate constant for
the transfer of drug from the vitreous to the distribution compartment; K34, rate constant for
the transfer of drug from the distribution compartment to the vitreous; Ko4, rate constant for
the transfer of drug from the RC to the distribution compartment; K4, rate constant for the
transfer of drug from the distribution compartment to the RC; Ky, rate constant for elimination
of drug from the RC compartment.
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Figure 6.
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Simulation of drug levels for diclofenac sodium solution dosage in the vitreous and RC of
Dutch belted rabbits by using the final parameters mentioned in Table 3 obtained from model
1A (Fig. 4A). (A) Simulated drug levels for a 10-mg solution of diclofenac sodium and
comparison with observed levels for 10 mg diclofenac acid suspension. Simulated (B) vitreous
and (C) RC drug levels for diclofenac sodium solutions of 0.5, 0.75, and 1.5 mg.
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Figure 7.
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Simulation of drug levels for diclofenac acid suspension dosage in the vitreous and RC of
Dutch belted rabbits by using the final parameters mentioned in Table 3 obtained from model
2C (Fig. 5C). (A) Simulated drug levels for a 0.3-mg suspension dose in comparison with a

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2010 October 1.

0.3-mg observed solution dose. Inset: Simulated drug levels during the initial 24 hours. (B)
Simulated vitreous and RC drug levels for suspension dose of 0.5, 0.75, and 1.5 mg.
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Table 1

Noncompartmental Analysis of Mean Pharmacokinetic Parameters of Vitreous and RC after Intravitreous
Injection of Diclofenac Sodium Solution and Diclofenac Acid Suspension in Dutch Belted Rabbits

Vitreous Retina-Choroid Tissue (RC)T

PK Parameter Diclofenac Sodium Diclofenac Acid Diclofenac Sodium Solution Diclofenac Acid Suspension

Solution (0.3 mg) Suspension (10 mg) (0.3 mg) (10 mg)
AUC o4, ug - h/mL or g tissue 321.30 297.81 10.02 560.61
AUC s, 19 - h/mL or g tissue 321.75 415.24 10.57 919.82
typ h 2.85 581.39 0.92 436.83
MRTinr, D 2.54 431.38 1.40 546.07
Clearance (mL/h) or clearance/F 0.9324 24.08 28.38 10.87

(mL/g)

*
Noncompartmental analysis of vitreous data was performed using the bolus IV administration model in WinNonlin (Scientific Consulting, Inc., Apex,

NC).
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TNoncompartmental analysis of RC data was performed using extravascular administration model in WinNonlin (Scientific Consulting, Inc.).
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Table 2

Delta AlICc and Akaike Weights for the Various Pharmacokinetic Models

Page 24

Model Parameters (n) AlCc” Delta AlCc Akaike Weight*
Diclofenac Sodium Solution Injection
1A 4 14.0768 0 0.9953
1B 6 49.9529 35.8761 0.0000
1C 5 26.2740 12.1972 0.0022
Diclofenac Acid Suspension Injection
2A 4 23.0612 28.7514 53x 107
2B 6 10.6825 16.3727 0.0003
2C 8 -5.6902 0 0.9321
Diclofenac Acid Suspension Injection: Models Incorporating Release from Suspension
2D 5 13.8795 19.5697 5.2 x 107
2E 7 3.3304 9.0206 0.0102
2F 9 -0.1149 5.5753 0.0574
2G 9 40.0837 45.7739 1.1x 1070
2H 8 33.7070 39.3972 26x107°
21 8 33.6359 39.3261 2.7%107°
2] 8 33.6592 39.3494 2.7x107°
2K 9 49,5468 55.2370 9.4x1078
2L 7 35.1318 40.8220 1.3x107°
2M 9 42.8077 48.4979 27x 1071

The models were developed using Berkeley-Madonna software (University of California, Berkeley).

*
AlICc, second-order AIC.

+

AAICc = AlCci - lowest AlCc.

¢Akaike weight = e(-AAICCI2) /5 o(-AAICC/2),
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Table 3

Page 25

Final Parameter Estimates for the Best-Fit Pharmacokinetic Models of Diclofenac Sodium and Diclofenac Acid

Suspension Injection

Diclofenac Sodium Solution (0.3 mg)

Diclofenac Acid Suspension (10 mg)

Parameter (units) Estimate Value Parameter (units) Estimate Value

Ky (W) 0.4159 K (h7) 25.8354

Vyi (ML) 3.1585 Vyi (ML) 188.489

Ky (h7) 7.9423 Kyo (7Y 12.0709

Vet (9) 2.1685 Viet (@) 59.6416
Kz (7Y 0.2889
Ky (7Y 0.0042
Ky (7Y 0.7106
Ky (7Y 0.0174

The models were developed with Berkeley-Madonna software (University of California, Berkeley). Models 1A and 2C were the best-fit models for
diclofenac sodium solution and diclofenac acid suspension, respectively.
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