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ABSTRACT

This research project was to determine the extehtrect penetration across live rat skin from it application
of diclofenac and its ester prodrug. Diclofenac aitsl prodrugs were formulated into patches withfedént
pressure sensitive adhesives. In vitro flux studie®ss the human epidermis and across hairlesskat were
conducted. Direct penetration across live rat skiom topical application of either a diclofenac dgpatch or a
glycerol diclofenac ester patch were evaluated witdual agar gel in situ rat model. Diclofenac egpeodrugs
showed higher in vitro fluxes from patches withygabutylene adhesives, while diclofenac acid sklohigher
fluxes in patches with polyacrylate adhesives. @ipenetration from diclofenac acid patch accourfed0.12% of
the drug absorbed into the body and 78% of the draliected in the agar gel, and the numbers frogceglol
diclofenac ester patch were 0.083% and 77%, respagt Topical application of either diclofenac dgatch or its
ester prodrug patch demonstrated some direct patietr across the live rat skin, but the extent akat
penetration across the live rat skin from the gigteiclofenac ester patch was not advantageous that from the
diclofenac acid patch.
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INTRODUCTION

Oral nonsteroidal anti-inflammatory drugs (NSAID®=e commonly used in relief of pain from musculdstad

diseases such as osteoarthritis and rheumatoidtiarttdowever, oral NSAIDs usually cause signifitadverse
effects such as gastric intestinal bleeding andratton. Topical NSAIDs, by directly applying theedication to the
skin of the affected area, usually showed muchdgstemic drug exposure [1], and thus much leseys adverse
effects. Topical diclofenac products (i.e., Voltargel and Pennsaid solution) are commonly prestgrifos

osteoarthritis. Based on a recent review on thacell studies of topical diclofenac products fompeelief in knee
arthritis, the pain relief effect from topical diéénac products was only 10% better than that fileir placebo in
patients over a 12-week period (60% of the patiéitetter from the use of topical diclofenas. 50% from the
use of the placebo) [2]. As the systemic drug cotregion from topical diclofenac is very low, indar for topical
diclofenac to be effective, sufficient direct peagibn of diclofenac into the local tissues is reseey for its
efficacy.

Mixed experimental results were reported on thegdrancentrations in local tissues from topical aaion of
NSAIDs. In one study, diclofenac gel was applied mme knee and there was no difference in diclofenac
concentrations in synovial fluid between the drpgleed knee and the contralateral knee [3]. Infedint study,
compared to oral administration, topical ketoprofgaster provided lower plasma, synovial tissued aynovial
fluid concentrations, but higher cartilage and rsems concentrations [4]. In another study, simpdasma
concentrations in human subjects were observed fopical diclofenac and oral diclofenac, but topidiezlofenac

led to significant higher muscle concentrationhet application site [5]. Such mixed results indéchbig variations

in direct penetration from topical NSAIDs.
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It is of great interest to patients with arthritiet topical products are capable of providing atingenetration to
deeper tissue such as the subcutaneous, musdmbtigsues underneath the skin at the applicatitsn However,
development of such topical products is challengi®ge reason is that only limited amount of drug &
delivered into intact skin due to the skin bareéfect. But more importantly, it is because of &én blood flow
acting as a sink that clears away most of the @mnigring into the skin before it is available fanptration into
deep tissue [6]. It was shown in several studied tbpical drug direct penetration into deep tissaeuld be
enhanced by lowering the skin blood flow eithertwdb-delivery of vasoconstrictors [7, 8] or apptyia cold water
jacket on the local skin [9]. There is not yet a/ide that can conveniently apply cold temperatareskin for a
sustained period of time. The co-delivery of vasmtactors for lowering the skin blood flow was prdchieved
under iontophoresis conditions or passive diffu@arcompromised skin such as stratum corneum siiggin.

The direct penetration of topical drug into deegsuk is also dependent on the physicochemical giepef the
drug molecules. Roberts’'s group investigated thectlipenetration from dermal application of a rawgedrug
molecules including NSAIDs [10], lidocaine [11],se bases and steroids [12] with different physieoaical
properties. They discovered that the direct petietraf lidocaine, some bases and steroids coudras deep as 1
cm into tissues, while the direct penetration ahedNSAIDs could not exceed beyond 3 mm deep. Thgyested
that lidocaine and the unionized bases or steno@e more lipophilic at physiological pH and withwler plasma
protein binding, and thus, were to a less exteirigoeleared away by dermal blood circulation. Oa dther hand,
the NSAIDs were ionized at physiological pH andhwiery high plasma protein binding, and thus wera khigher
extent being cleared away by the dermal blood LEtmn. The less extent of NSAID direct penetratinto deep
tissues was also reported by other researcherd §13,

A majority of NSAIDs have a carboxyl group, areimed at physiological pH (hydrophilic), and havewdigh
plasma protein binding. With such physicochemiaalpgrties, topical NSAIDs would have very limitettedtion
penetration into deep tissues. Such physicochempicaderties could be modified with the formation MNEAID
prodrugs,i.e,, forming of an ester prodrug between diclofenaid @nd an alcohol. It is expected that the ester
prodrug would be unionized and more hydrophobiphatsiological pH, and have lower plasma proteirdinig.
Indeed, it was demonstrated that methyl salicylaterodrug, was better than its parent drug satiadid in direct
penetration into deep tissues [15, 16]. Would sdimkfenac ester prodrug also show better direoepation into
deep tissue than its parent drug? If it is true, thpical product of such prodrug could improve treatment
efficacy for millions of arthritic patients. Howewethis important question has not been addressedtbher
researchers before. We previously synthesizedrakdelofenac ester prodrugs and discovered tbatesof the
ester prodrugs showed betirvitro flux across the skin than that of the parent dir§. However, it was unknown
whether the diclofenac ester prodrugs would alswsbetter direct penetration into local tissue, ahhivas one of
the objectives to be investigated in this studyisltwell known that skin blood flow clears most thie drug
molecules penetrated into the skin and thus hintbgisal drug direct penetration into deeper tissuedual agar
gelsin siturat model has been demonstrated its validity énethaluation of topical drug direct penetratiom itacal
tissues across the skin [18, 19]. Thus this moded adapted in this study to evaluate the direcefpation of
diclofenac and its prodrugs. In addition, saturagdeous solutions of the diclofenac ester prodwe® used in
the evaluation of their flux across the skin in puevious study [17]. Since those ester prodrugdairly unstable
in aqueous solutions, a non-aqueous formulatiotesysvould be more suitable for the delivery of gn@sodrugs
into the body. Pressure sensitive adhesives supblgacrylate and polyisobutylene are widely ugsedtansdermal
patches and such formulation system offers a noe@as environment. Thus another purpose of thidystas to
screen the pressure sensitive adhesives to ohtdaible patch formulations in the delivery of thelofenac ester
prodrugs into the skin.

EXPERIMENTAL SECTION

2.1. Materials

Diclofenac sodium was obtained from Gallipot, IReessure sensitive adhesives Durotak 387-2287,t&kuy -
901A, and Durotak 87-608A were gifts from Henkelc.l Human cadaver skin was purchased from New York
Firefighter skin bank. Transdermal backing film {{Can 9722) and 1022 release liner were gifts frdvh Bemale
hairless rats were purchased from Charles Riveorédbry. The diclofenac prodrugs: glycerol diclcdenester
(GD), ethylene glycol diclofenac ester (ED), metbladiclofenac ester (MD) were synthesized as dbedriin our
previous paper [17]. Fresh human plasma was puedifasm Zen-Bio, Inc.

2.2. Preparations of the diclofenac and its prodsygtches

Three pressure sensitive adhesives were invedtigatéhe formulation of transdermal patches naméElyrotak
387-2287(polyacrylate adhesive with hydroxyl group), Duto&7-901A (polyacrylate adhesive with no functional
group), Durotak 87-6084polyisobutylene adhesive). The drug or prodrug added to obtain a final concentration
of 10% w/w with respect of the drug to the finay didhesive layer weight. 3% oleic acid was addeal permeation
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enhancer and 3% silicon dioxide was added as aesdsm agent. The drug adhesive mixture was cast at
thickness of 0.254 mm on a release liner.

2.3. Evaluation of the in vitro flux across hum#ins

Human Epidermis (HE) was separated from human @adskin by a heat separation method. The HE wisize
around 2 cm x 2 cm square was mounted on Franashfi cell with stratum corneum side facing the aton
chamber. A circular patch with a diameter of 1.2 was then applied to the HE surface. The Franzdilision
surface area was 0.65 &riThe receiver chamber was filled with 5 ml of ONI5phosphate buffer saline solution at
pH 7.4 and maintained under stirring condition 3. At time 2, 4, 6, 8, 12, 24, 30, 36, and 48rBpthe whole 5
ml was taken and replaced with 5 ml fresh media @tug or prodrug concentration in the receiver imadas
analyzed with a HPLC method. Triplicated experirsemére conducted for each patch.

2.4. Evaluation of the in vitro flux across haideast skin

Female hairless rats were euthanized and thenbtthen@inal skin was separated out. The fat tissuesutice skin
was scraped off with scissors. A 2 cm x 2 cm squaras mounted on Franz diffusion cells with stratemeum
side facing the donor chamber, a circular patch witiameter of 1.2 cm was then applied to the skiface. The
Franz cell diffusion surface was 0.65Zrithe receiver chamber was filled with 5 ml of pbiuste buffer saline
solution. At time 2, 4, 6, 8, 12, 24, 30, 36, a&lhburs, the whole 5 ml was taken and replaced Withl fresh
media. The drug or prodrug concentration in theirer media was analyzed with a HPLC method. Iritamd the
flux of diclofenac from a commercial available puootl (Voltaren gel) across the hairless rat skin ek
determined here. This was to serve as a referavioefpr the flux results we obtained from our gaformulations.
Triplicated experiments were conducted for eachdittmm. The animal protocols used in this study evéully
approved by the Institutional Animal Care and Usenghittee (IACUC) at the Idaho State University.

2.5. Determination of plasma protein binding anddainversion rate

The diclofenac prodrugs (GD, ED, MD) or diclofenacid (DA) was dissolved in DMSO solution at suitabl
concentrations, then a small amount of the drugtisel (20 pl) was spiked into 2 ml of 30 mg/ml humserum
albumin in phosphate buffer solution at pH 7.4 idialysis tube (MWCO = 5000) for dialysis agairisé tsame
phosphate buffer for 6 hours at room temperatuhe. doncentration of the drug in the dialysis tuBg{ = Gree +
Choung @nd drug concentration outside the dialysis (g was determined by HPLC. The drug plasma protein
binding was determined by the ratio af,GdCiotar

The bioconversion rate of the diclofenac ester prgslin fresh rat plasma was determined in a prsvgtudy [17].
The bioconversion rate of the diclofenac ester prgsl in human plasma was determined here with #émes
method. Briefly, diclofenac prodrugs in DMSO sodus with appropriate concentrations was spiked mtman

plasma and then incubated in 37°C water bath sha@{&uots were taken from the plasma periodicatito a

methanol solution to stop the bioconversion and &dsprecipitate out the plasma protein. Then tma@es were
centrifuged and supernatants were analyzed withRIoC method.

2.6. Determination of the pharmacokinetic paramefeom 1V injection.

Diclofenac sodium in phosphate buffer saline solutivas prepared at 500 pg/ml. 200 pl of the saiuti@s
injected into the hairless rat via the saphenous @5 ml of blood sample was taken with the bdéleding method

at 10, 30, 60, 120, 180, and 240 min after thectiga. The blood sample was centrifuged at 5000 figurd 5 min to
collect the plasma. The drug concentration in thesmpa was analyzed with an HPLC method. The plasma
concentrations at different time points were sirredawith WinNolin 5.02 software, a bolus IV injemti with two-
compartmental model was used, the volume of digioh of the central compartment {Mand the total clearance
(CL) from the central compartment were obtainednftbe software simulation.

2.7. Evaluation of direction penetration with a dlagar gel in situ rat model.

This study followed the method developed by Hasegatval. [18] with some modification (see Figure 1A).
Specifically, hairless rats were anesthetized véttflurane and maintained a body temperature ao3®87 °C. An
incision (5 cm wide) was cut (horizontal) along tleever abdominal skin, the abdominal skin was adhef
separated from the abdominal muscles to ensureuboutaneous bleeding, then two pieces of agar HePA
agarose in 0.15M phosphate buffer solution at p#, ®ach filled in a polyethylene dish of 2.5 cnd&yi 3.8 cm
long, and 0.5 cm thick, were inserted into the splaetween the hypodermis and the abdominal musdtasthe
open surface facing dermis, one in the left sicdk@me in the right side. A patch of the same sfab® gel dish was
applied exactly on the right abdominal skin whére gel was located, and at 2, 4, 6, 8, 10, 12ims points, the
two pieces of gel were taken out from the body, and, 4, 6, 8, 10 hrs time points two fresh pieskgel were
inserted into the specified place, and then théime was closed with Michel’'s clamps. The gel umgath the
application site was served as a receptor to dallecdrug penetrated through the skin from thetpathe other
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piece of gel on the contralateral site was sengea eontrc for drug penetration into the gel through systebiond
circulation (assuming systemic circulation conttésuto the same amount of drug to both gels). Atsdime tim:
points, 0.5 ml of blood was taken from the rat.tdihe amount of drug in the geish and the plasma drug
concentration weranalyzed by HPLC. Four rats were used for eachhdatenulation in th in siturat study.

More schematic illustration of the dual agar geldelds shown in Figure 1B with modification from $taawa et ¢
[18]. Drug from the patch permeates into the skin yilt of the drug goes into systemic circulation pad of the
drug penetrates directly to deep tissue (heredirisunt of the drug is llected by the agar gel at the applicat
site: Xyairec)- IN addition, some drug from systemic circulatismedistributed to deep tissue (here the amotititec
drug is collected by the gel dish at the contratsite: x,). The gel dish at the apphtion site also has simil:
contribution from systemic circulation, so the taaount of the drug in the gel dish at the appiicasite can b
expressed as: g = Xgdirect + Xge. IN @ddition, based on CL ancy determined from IV injection, thelasma drug
concentration (g) after patch application and the amounts of drugach of two gel dishes, the total amount ol
drug absorbed into systemic circulation from tim® @ime t can be expresse

Y Xpot = CL-AUCy_; + C, -V, 1)

where AUG, is the area under the plasma concentration timesduom time 0 to time t calculated by trapezoiudé.
The total amount of the drug directly penetrated the gel dish

Zngirect = Z thotal - Z ch (2)

The percentagefdhe drug in the gel dish that was due to direxteiratior
Direct% = Zngirect/Z thotal 3

In addition, the fractionf] of the drug accounted for the direct penetraiompared to the total amount of dt
delivered into the bodyybthe patch

f = Z ngirect/z XbO—t (4)

Figure 1. (A) Schematic diagram of a hairless rat &éing applied with a patch on the abdominal skin, ai
incision at the low abdominal skin, and two agar ge (dash line) were inserted under the abdomin skin. (B)
Schematic diagram of the dual agar gel rat model wdre the topical patch provides penetration into theskin,

direct penetration into the agar gel, and redistrilution of drug into agar gel from blood circulation.

\ Application site Contralateral site
Patch

Epidermis
Dermis
= Systemic Blood flow =
Dermis
¥ Agar gel Agar gel
Muscle

2.8. Sample analysis

For the plasma samples, 200 ul of plasma was takdradded 50 ul of 100 pug/ml ibuprofen as intesteahdard. !
ml of Hexane : Tetrahydrofuran (90:10) was addeelatch sample, and then the sample was shakenital ctiaker
at 400 rpm for 1 hr, anthen centrifuged to collect the upper organic layére organic layer was evaporated to
in a vacuum oven and then redissolved in 200 [d eblution (25/75 acetonitrile/0.02 M phosphatefdruat pH
7.4). 50 pl of sample was injected for HPLC anis. For agar gel samples, The samples were mixéd 4G mi
mixture of hexane : tetrahydrofuran (95:5), ancdhthemogenized for 1 min, and then shake in orisitaker for 1
hours, then centrifuged to collect the organic ph#ise organic phase was evrated to dry in vacuum oven, a
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then redissolved with 200 ul of the solution (25&¢&etonitrile/0.02 M phosphate buffer at pH 7.4) itPLC
analysis.

The HPLC assay method was the same as our presiodg [17]. The DA and its prodrugs were analyzéih &
HP 1050 HPLC with quaternary pump and DAD detecibie column used wasZorbaxXDB-C18 4.6 x 150 mm
5.0 micronHPLC column.The mobile phases were acetonitrile and 0.02 kateitbuffer at pH 6.0 with a gradient
method. The flow rate was 1 ml/min, and the detectlVV wavelength was 280 nm.

RESULTS AND DISCUSSION

3.1. In vitro flux across human epidermis

We fabricated the patches for diclofenac acid (Dgiycerol diclofenac ester (GD), ethylene glycatldfenac ester
(ED), and methanol diclofenac ester (MD) with theet different adhesives: Durotak 387-2287, Dur&zl001A,

and Durotak 87-608A. The drug or prodrugs werearnify dispersed in the adhesive layer of the fpatthes with
no visible crystal formation over a 6-month perardl all the patches showed sufficient tackinesgeteby finger).

In vitro flux study across human epidermis was cmteld on those patches. The prodrugs maintained gbter

form in the samples from the receiver chamberse@afly in the first 12 hrs with no parent drug efed in the
samples. However, some small amount of DA was tkxleéio the samples in later time points, especitlthe 24
hr and 48 hr time points with a span of 12 hrsamgling time. Since the human epidermis was prepaith a heat
separation method, most esterase present in thensld probably destroyed, and thus little prodras wonverted
to the parent drug in the skin and most the progreigneated through the skin in their ester formweleer, the
prodrugs are not very stable in aqueous solutiadh talf lives from 25 to 50 hrs [17], thus sometloé prodrugs
could be possibly hydrolyzed to the parent drughim receiver chamber between the sampling pointth s in

consideration, we combined the amounts of prodmndg) @arent drug in the samples for plotting the clatne

amount of drug permeated across the skin and inatueilation of the flux across the skin.

For the patches made with the polyacrylate adheBiwetak 387-2287, the cumulative amount of thedpugs
permeated through the human epidermis over theriexget period was much lower from all diclofenaogug
patches than that from the diclofenac patch (Fi@k In addition, among the diclofenac prodrug® €howed the
highest amount permeated across the skin, and Miesh the lowest amount permeated across the skinalgd
observed similar results from the patches made atthther polyacrylate adhesive Durotak 87-901AhvidA
showing the highest amount permeated across tlerpis, and MD showing the lowest penetration (FEg2B).

In the patches made with a polyisobutylene basdwside Durotak 87-608A, the GD and ED patches sHowe
similar amount of prodrugs permeated across thg skid they were higher than that from the DA pdtabre than
double), but MD still had the lowest permeationoasrthe skin (Figure 2C).

The fluxes and lag times for all the patches deiteethfrom Figure 2 were summarized in Table 1. DAvwed the
highest flux in Durotak 87-901A, while GD and EDosled the best fluxes in Durotak 87-608A. The irfaty in

the fluxes of the prodrugs from the patches witlyparylate adhesives was probably due to a strateraction
between the ester prodrugs and the ester type imdhe®©n the other hand, the hydrophobic pareny ddé

probably had stronger interaction with the polyistgtene adhesive and thus showed much lower fluxes.

Table 1. A summary of thein vitro fluxes across human epidermis.

Drug/Prodrug Adhesive Flux (nmol/éfhr) | Lag time (hr)
DA 11.54 + 0.80 0.39+1.01
GD 2.75+0.59 214+0094
ED DuroTak-2287 1.67 +0.14 ~406+57b
MD 0.57 + 0.07 10.60 + 1.44
DA 15.06 + 2.41 T091+1.38
GD 2.89 + 0.86 S013+1.26
ED DuroTak-901A 1.99+0.23 “1.72+08b
MD 0.55 + 0.08 036+ 1.83
DA 3.55 + 0.55 6.84 + 0.29
GD 6.89 + 1.93 199+1.77
ED DuroTak-608 597 +0.34 -333+2.1p
MD 0.73 + 0.14 4.94 +1.89

The number after tis the standard deviation.

The purpose of this study was to screen the dichfeand its prodrugs patch formulations with défaradhesives,
and to identify the ones with high in vitro fluxés further studies. Human cadaver skin can beikgathtained
from skin bank, and with that flux screening orgeanumber of patch formulations can be done osskirefrom the
same donor. The using of skin from the same domor motentially lower the variation of the flux syudVe
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discovered that the diclofenac acid in Durotak 81 patch and the Prodrugs (GD and ED) in Durotal688A
provided the best flux results, and thus they vetwaesen for further study.

Figure 2. Cumulative amount of diclofenac or its égr prodrugs penetrated across the human epidermifom
the in vitro flux study. (A) Diclofenac or its ester prodrugsm patches with adhesive Durotak 387-2287. (B)
Diclofenac or its ester prodrugs in patches with Drotak 87-901A. (C) Diclofenac or its ester prodrugsn
patches with Durotak 87-608A.
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3.2. In vitro flux across hairless rat skin

We further determined the flux behavior acrossléssrrat skin of the DA Durotak 87-901A patch amel ED and
GD Durotak 87-608A patches. Unlike the flux studithwhuman epidermis, the hairless rat skin had fthle
thickness dermis layer. This can significantly ease the lag time for the penetration to reachdgtstate. In
addition, the skin was fresh excised from rats; s@mzyme activity was retained in the skin, espigdiathe initial

experiment period, which could help us understamd fast the prodrug converting back to the pareagdiuring

the penetration across the skin. In addition, v8e abnducted an in situ study with rats and obththe amount of
drug absorbed in the body, the in vitro study wih skin would also enable us to conduct an inovitr vivo

correlation check.

It is shown in Figure 3A that the DA flux acrosdrhess rat skin from the DA Durotak 87-901A patchsaalmost
two times of that from the commercial Voltaren (edt#10071758), which indicated that the flux pied by the
patch formulation was clinically significant. Thient across hairless rat skin was similar to the figross human
epidermis for the DA Durotack-901 patch, but thg fime was much bigger for the permeation acrosshtirless
rat skin, due to the full thickness of the rat sfgae Table 1 and Table 2). The amount of Voltgedrioaded in the
Franz diffusion cells was 50 ul, and with a diffusiarea of 0.64 chit was probably much more than the amount
of gel used per cfnskin area for patient use. With this approach, \béiaren gel also provided a relative stable
steady flux over a long period of time. Unlike {h&tches, in the case of applying such gel on pagien, because
of thinner application and fast drying of the gehtarial, a sustained steady state flux may not rocctihe
permeation across hairless rat skin from the GDoEkr87-608A patch is shown in Figure 3B. Largecpatage of
the drug collected in the receive chamber was enpgarent drug form, especially in the first 12 tsouFhis is
contrary to the permeation across human cadavdeepis skin, in which most of the drug in the reeeichamber
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was in the prodrug ester form. This was probably wuthe hairless rat skin was freshly excisedctvimay retain
some enzyme activity that converted the GD to didl @rug form either in the skin or in the receiatiamber. It
would be very likely that the stratum corneum whss inain permeation barrier and GD had to penetaiass the
stratum corneum layer of the hairless rat skin teefieing converted, thus we calculated the fluxsbf across the
hairless rat skin by combining both the diclofeaaa form and the ester form in the receiver chamiéth that,
the flux of GD delivered by the patch across thieldss rat skin was similar or even a little higliean that across
the human skin (Table 1 and Table 2), and a ldegetime was also observed in the flux across ale skin.

The permeation across hairless rat skin from theCkiDotak 87-608A patch is shown in Figure 3C. Mokthe

drug in the receiver chamber was also in the padeay form in the first 12 hours, which indicatedyth

bioconversion in the skin. Comparing to flux resdtom the GD patch, the fraction of the prodrugwated to the
parent drug in the receiver chamber was even lavgach indicated the faster bioconversion of EBriIGD in the
skin. The total flux across the hairless skin f&r &elivered by the patch was less than that adrossgan epidermis
(Table 1 and Table 2), and it was also less thénofidhat from the GD patch shown in Figure 3B. Blas more
hydrophobic than GD and less soluble in aqueoustieal (almost 10 times less soluble than GD) [Xf&lis the

dermis layer of the rat skin may pose a signifidzartier for its permeation.

3.3. Plasma protein binding and bioconversion rate

The fraction of diclofenac or its prodrugs binditay plasma protein are listed in Table 3. The dehaic ester
prodrugs have significantly lower fraction of plasiprotein binding than that of the parent drug,cvhineans that
the prodrugs may have almost 10 times higher untedinfree prodrug than that of the parent drug. The
bioconversion rates of the prodrugs in human plaanakin rat plasma were also listed in Table 3atrplasma, GD
showed the slowest bioconversion rate. This is etstsistent with the slower bioconversion of GDnthisat of ED
we observed during penetration across the fresisexeat skin in the flux study. But in human plasi@D showed
the fastest bioconversion rate. The bioconversaiasrin human plasma of the ester prodrugs weréh rsloever
than those in the rat plasma. Our intention washtiose one diclofenac prodrug to compare with ticlac acid for
their direct penetration across live rat skin ia th situ rat study. Since GD showed higher flusoas the rat skin
and also slower bioconversion in rat plasma thasdtof ED, the GD Durotak 87-608A patch and DA Dack 87-
901A patch were selected for furthiarsitu rat study.

Table 2. A summary of thein vitro fluxes across hairless rat skin.

Flux (nmol/cn/hr)

Flux (nmol/cni/hr)

Drug/Prodrug at4 - 12 hr at 12-48 hr Lag time (hr)
DA in Durotak-901A 8.33+0.94 12.84 £ 1.27 7.00.%3
GD in Durotak-608 5.97 +1.03 9.12+0.42 6.08851.
ED in DuroTak-608 2.38 +£0.30 3.92+0.34 7.90 0.
Voltaren gel 4.90 £ 0.93 6.69 +0.74 5.43+1.03

The number after tis the standard deviation.

Table 3. A list of the plasma protein binding and bbconversion results.

DA GD ED MD
Fraction Binding to Plasma Protein (%) 99.2% 91.0%8.3% -2
Bioconversion in Human Plasma (half life in mip) - 50.8 122 604
Bioconversion in rat plasma (half life in min) | 1¥ | 166 | 1.62

# Experiment was not conducted because of extrdmelgiqueous solubility of MD.
P Experiment results from previous study[17].

3.4. Pharmacokinetic analysis of IV injection afldfenac sodium

The rat plasma concentrations from the IV injectaza shown in Figure 4. The data points were fthva two-
compartment IV injection model and the obtainedrptacokinetic parameters from the fitting are listed able 4.
The volume of distribution (Vd) of the central coanpment and the total clearance (CL) were simiathe values
reported in a study on a subcutaneous injectiodicbfenac to rats [20]. Those parameters are dsedhe
calculation of drug absorbed into the body fromtifamsdermal patches in tiresitu rat study. This is a part of the
information needed in order to determine the inovit vivo correlation. In addition, this informati is also needed
to determine the fraction of drug went to direahgteation compared to the amount of absorbed itb¢iaky.
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Figure 3. Cumulative amount of diclofenac or its égr prodrugs penetrated across the hairless rat skifrom

(A) Diclofenac acid in Durotak 87-901A or Voltaren.g@) Glycerol diclofenac ester in Durotak 87-608A patch
(C) Ethylene glycol diclofenac ester in Durotak 87-AQ&atch.
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Figure 4. The diclofenac plasma concentrations ovehe time from 1.V. injection of 100 ug of dicloferac
sodium into hairless rats

1.2

. .

o
o

0.6 1

0.4 -

Plasma Diclofenac (pg/ml)
o
o

o

0 50 100 150 200 250
Time (min)

Table 4. The pharmacokinetics parameters from IV ifection based on the WinNonlin analysis.

Vg (ml) 523+1.4
K10 (min™) 0.045 + 0.005
K12 (min™) 0.034 + 0.005
K21 (min™) 0.018 £ 0.006
CL (ml/min) 2.34£0.31

The number after tis the standard deviation.

3.5. Direct penetration from in situ rat study

The cumulative amount of diclofenac collected ia #gar gel dish under the skin applied with the Duotak 87-

901A patch and also the amount of diclofenac inabar gel disk under the contralateral skin site silrown in

Figure 5A. Presumably, the amount of drug colledtethe agar dish at the contralateral sitgMas contributed
from the redistribution of diclofenac from the sysiic blood circulation. And the amount of drug eotkd in the
agar dish at the patch application sitg,¥) was contributed from both the direct penetraagross the skin from
the patch and also the drug redistributed fromstfstemic circulation. The amount of the drug cdmiied from the
direct penetration would be the difference of tinegdcollected between the two agar gel dishes. Basethe data
in Figure 5A and Equation 3, roughly 78% (Direct®f)the drug in the gel dish at the application sites due to
direct penetration from the DA patch.

The cumulative amount of diclofenac collected ia #yar gel dish right under the skin applied wih @D Durotak
87-608A patch and also the amount of diclofenaithéagar gel dish under the contralateral skinaieshown in
Figure 5B. No prodrug was detected in the agardg#ies, which means all prodrug penetrated intoskile was
converted back to the parent drug. In addition,léfss amount of the drug collected by the agar fyeta the GD
patch than that from the DA patch was probably wuthe less amount of drug delivered into the d¢kirthe GD
patch, as demonstrated from timevitro flux study (Figure 3A and 3B). Based on the datd&igure 5B, roughly
77% (Direct%) of the drug in the gel dish was duelitect penetration from the GD patch. The pemages of drug
contributed from direction penetration were simbatween the GD patch and the DA patch.

The diclofenac concentrations in rat plasma overtitme from the DA patch or the GD patch appliedthos skin
during thein situ rat study are shown in Figure 6A. No GD was detkéh the plasma samples. The DA patch
provided higher plasma diclofenac level, which vedsost double of that from the GD patch. Based fun t
diclofenac plasma concentrations and also the phaskinetic parameters from the 1V injection stuthe amount

of drug absorbed into the systemic blood circutatieas calculated from Equation 1 and plotted inuFég6B for
both patches. From the plot, the amount of druiyeedd into the systemic blood circulation from BB patch was
only half of that delivered from the DA patch.

Based on the amount of drug absorbed into the ffray Figure 6B for both patches and also the amoficirug
penetrated through the hairless rat skin in th& fi2 hours from thén vitro flux study (Figure 3A and 3B), we
observed a very stronig vitro in vivo correlation as shown in Figure 7 for both the Dé§ghh and the GD patch.
This again supported that the amount of drug atesbitito the body we calculated in Figure 6B wasdvale also
calculated the fractions of direction penetratiorihte agar gels compared to the total amount af dhsorbed into
the body based on Equation 4 for both patches,iwdnie 0.12% for the DA patch and 0.083% for theaizh.
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Figure 5. (A) The cumulative amount of diclofenac allected in the agar gels underneath the skin of th
application site and the contralateral site from t@ical application of the diclofenac patch. (B) Theumulative
amount of diclofenac collected in the agar gels umdneath the skin of the application site and the
contralateral site from topical application of theglycerol diclofenac ester patch.

0.7
s A
g 0.6
T o5 - ;
£ -9+ Appl Site
£ 047 -8 ContSite
< o
.g 0.3 1 I
-
= ;
S 02 %
£
3 0.1 4 % @’ _@__-il"—@
. Sl
o @--®-"F
0 2 4 6 8 10 12 14
Time (hr)
0.25
E B
= 02 -9+ Appl Site
& - £~ ContSite
e
= 015
E
<
o
2 01
5
£ @
£ 005 - e
o i
B
0 @B-" :
0 2 4 6 8 10 12 14

Time (hr)

We showed in this study that both glycerol diclaerester (GD) and ethyl glycol diclofenac ester YiBBd lower

plasma protein binding than the parent drug, arcefore, they would be cleared away in a less ¢xtgthe blood

circulation in the skin as compared to the pareagdin addition, the direct penetration of druglecoles across a
tissue layer is dependent on the concentrationigmaaf the free drug (unbounded molecules). Evenugh the

fraction of unbounded drug in tissues and the imacbf unbounded drug in plasma protein are difigr®oberts

and Cross observed there was a direct correlagbnden the two fractions [21]. Based on that, walccprobably

assume that the fraction of unbounded diclofenaer ggodrugs was also higher than the fraction mMfaunded

diclofenac in the tissues, and thus topical appboaof diclofenac ester prodrugs could be advastag in direct

penetration into deep tissue.

We showed in a previous study that some diclofeester prodrugs can provide higher flux across #ie in a

aqueous media [17]. Due to the diclofenac estedmigs being prone to hydrolysis in aqueous medm,here

investigated the feasibility of formulating thesegrugs into non-aqueous pressure sensitive adhpsich system.
We showed that the polyacrylate based adhesivésasiburotak 387-2287 and Durotak 87-901A werebleétfor

the parent drug DA to provide high fluxes across skin, but not for those ester prodrugs, possibly to strong
prodrug adhesive interactions. On the other hamel polyisobutylene based adhesive (Durotak 87-6(Q8&3hes
offered better fluxes for the diclofenac ester pugd, with the fluxes across the skin being similaslightly better
than those from their saturated aqueous solutiameagbserved previously [17].

Figure 6. (A) Diclofenac plasma concentrations in hairless ratsr dhe time from topical application of the
diclofenac acid patch or the glycerol diclofenateegpatch.(B) The amount of diclofenac absorbed into the
systemic blood circulation from the topical appiica of the diclofenac acid patch or the glycerwlafenac ester
patch.
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Figure 7. The correlation between the amount of drg penetrated across the skin fronin vitro flux study
demonstrated in Figure 3 and the amount of drug alrbed into the systemic blood circulation form thein
situ study demonstrated in Figure 6. §) for diclofenac acid patch; (o) for the glycerol diclofenac ester patch.
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An in-situ rat model was previously proposed by iBagashi group in investigation of topical drug edit
penetration across the skin [14, 18, 19]. This rhoefained an intact blood circulation in the skimd provided a
mean to determine the contributions from directgexiion and also from systemic circulation. Wepdd the dual
agar gelin siturat model in this study to investigate the topigaplication of diclofenac or its ester prodruglirect
penetration across the skin. We observed thatrtfwuat of drug collected in the agar gel undernéathskin at the
application site was consistently higher than thant of drug in the agar gel at the contralatsital for both the
diclofenac and its prodrug patches, with around Zo#tributed from the direct penetration. Howetbe amount
of the drug collected in the agar gel underneathstin at the application site was very small comgdo the total
amount of drug absorbed into the circulation systeith only 0.12% contributed from the direct peagbn from
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the diclofenac patch and 0.083% from the GD patttese results indicate the skin blood flow clearexbt of the
absorbed drug with little drug available for dirpeinetration into deep tissues.

Contrary to our initial expectation, the topicalidery of glycerol diclofenac ester did not showadtage over the
topical delivery of the parent drug diclofenac émnhs of the direct penetration from darsitu rat study. This was
probably due to the fast bioconversion of GD bacthe parent drug diclofenac in the rat skin. Tioednversion of
GD in rat plasma is fast with a half life only 1Tr8n, even though it is the slowest one among liheet diclofenac
prodrugs (GD, ED, MD). The bioconversion of GD I trat skin could also be very fast, as we showau thein
vitro flux study across fresh hairless rat skin, witkignificant amount of drug in the receiver chamibeihe parent
drug form, especially in the initial 12 hours whéme enzymes in the skin may be still active. Suakt f
bioconversion of GD in the skin could render ildee its prodrug form in the skin and thus loseadsantage over
the parent drug in direct penetration into deefugs.

The bioconversion rates of the diclofenac prodingsuman plasma are much slower, compared to timode rat
plasma (Table 4), which probably indicates a slobieconversion in the human skin also. Becauseuoh dig
differences in bioconversion rates for the estadprgs between the human and the rats, it is pestiat the
prodrug may still be advantageous over diclofematiuman application. To verify that, future study louman
subjects with the topical application of dicloferester prodrugs may be needed.

As we discussed in the introduction section, tlieady from current topical diclofenac products veady marginal
because of insufficient direct penetration. In hégper, we confirmed that topical application aflaienac provided
very limited amount of drug (0.12%) for direct pamaéon, and the majority of the drug went to syste
circulation. We adapted a dual agar gel model psedoby Sugibayashi’s group [14, 18, 19] for theectr
penetration study. We showed that the direct patietr results from our diclofenac patch were sintidathe results
they obtained for flurbiprofen [18]. These restilteher supported the validity of the dual agar igesitu rat model
for the direct penetration study. However, we disced that the direct penetration from the diclaferester
prodrug was not better than that from diclofenaajmy due to the fast bioconversion of the prodimughe rat,
while such bioconversion was much slower in hundns indicates that thim situ rat model may not be suitable
for investigation of direct penetration in drugsttthave large difference in metabolic rates betwiben in the
human skin and that in the rat skin.

CONCLUSION

Diclofenac ester prodrugs were more suitable téobmulated in patches with polyisobutylene adhesiviile the
parent drug diclofenac was more suitable to be fiteited in patches with polyacrylate adhesives. ddéglac ester
prodrugs showed lower plasma protein binding thialofénac. The bioconversion of diclofenac estaydougs to
diclofenac in human plasma was much slower thanithat plasma. Topical application of diclofen@atch and its
prodrug glycerol diclofenac ester patch showedctlipenetration across rat skin, but the direct fratien only
accounted a very small fraction of the drug absbrbeo the body. Glycerol diclofenac ester did rshiow
advantage over diclofenac in the direct penetradoss live rat skin.
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