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Abstract

We investigated the diffusion profile of human ilisuHINS)
through an excised hair-less mouse skin using Fdiffizsion
cells. We pre-treated the surface of the skin ithermeation
enhancer or a control vehicle prior to applyingimpde gel
formulation (50 1U/mL) to the skin surface. Ondlitier of the
gel was placed on the surface of the skin, and kmmpere
collected from the receiver side over a 7-hour qukriThe
samples were analyzed on HPLC for their contetdIdfS. The
results showed that pretreatment with a limoneratisa in
alcohol (5%) allowed the diffusion of 1.23 IU of M&/cm2/
hour, which mimics the pancreatic secretion ratmsilin (0.25

— 1.85 IU/hour). The calculated permeability caséint (kp) for
HINS following pretreatment with limonene in alcdh®%),
iodine tincture, and ethyl acetate in alcohol (Wl 9.47, 4.42,
and 2.78 (16) cm/sec, respectively, with limonene alcoholic
solution producing a statistically significantlyghier kp value
than the other two enhancers (p < 0.0001). Theitag for the
three " enhancers was 142.0, 78.6,
respectively. All other enhancers and control vielsiadid not
show any significant practical diffusion of HINSrélugh the
mouse skin.
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Franz Diffusion Cell
Introduction

The skin represents a formidable barrier for thiéusion of
many substances from entering the body, in pagidhiose that
are highly hydrophilic. For those compounds that parmeate
the skin (normally low molecular weight, lipophiliand low-
melting point), their diffusion through the skin ynabe
facilitated through the use of permeation enhandeiffusion
enhancers work by reducing the diffusional resistafvarious
mechanisms) of the skin allowing molecules to trasasier
through the skin layers. Typical factors that affihe diffusion
of substances through the skin include the apmitedentration,
partition coefficient, surface area of the applmat the
thickness of the stratum corneum, and the degreeskof
hydration, among others. Human insulin (HINS) isrently
used in the management of patients suffering frdabetic
mellitus. The only route of administration for HINSirrently
available in the United States is the parenteraiterovhich
requires the patient to self-inject the drug sevénaes daily.
Although inhaled HINS was commercially available éoshort
time in the United States, this form of administathas been
withdrawn from the market by the manufactur@HINS is also
available in some countries in the form of an a@résr buccal

and 121.0 minute

investigations since 1960s. The pulmonary, orakahaand
transdermal routes have been among the most igaésti, and
excellent review papers on this research are dlailan the
literature?® Traditional skin applications to the skin surfdoe
delivering drugs include ointments, creams, pastesi gels.
Drugs are applied on the surface of the skin faermal and
local effect or for achieving a systemic effect.eTlatter is
limited to drugs that can easily penetrate thetwgtnacorneum
(e.g., nitroglycerin, scopolamine). Attempts haweei made to
facilitate the diffusion of substances that are émpeable to the
stratum corneum. lontophoresis, electroporatiomophoresis,
microneedles, and the use of chemical permeatibarerers are
just a few well documented methods for enhancingg'sr
diffusion through the skift®*®In this study, we investigated the
use of various chemical permeation enhancers omliffuesion
of HINS through a hair-less mouse skin. Our aim vias
compare these enhancers as to their ability to ptenthe
diffusion of HINS through the skin. HINS, being arde
molecule (MW 6000 Dalton) and highly hydrophitft,is
isncapable for a significant spontaneous passivusidn
through the skin.

Material and Methods
Materials

Human Insulin (Humulin &, Eli Lilly) was purchased
from NC Mutual, NC, Lot #A380572 and A383239). Bpbate
buffer solution (10x; Lot # 1174B27) and sodiumids (Lot #
47016 and 07243) were obtained from EMD Chemichls,
(Gibbstown, NJ).The following chemicals were pussgth from
Sigma (St. Louis, MO): Carboxymethyl cellulose(Lat
106H1220); Dimethyl sulfoxide (DMSO)(Lot# 4608168thyl
acetate (Lot# 06546CJ); Hexansulfonate Sodium (amately
98%; Lot #016K542);Limonene (Lot# 09002MH); andLlieric
acid (Lot # 03833GY and 117K1043). Acetonitrile (HP
grade; Lot # A998SK-4) and Trifluroacetic acid (1b095279)
were obtained from Fisher Scientific (PittsburghA)P
Propylene glycol (Lot # E34607) and iodine (Lot 86598 and
K38591) werepurchased from Baker (Phillipsburg,Aldphol,
USP (Lot # E1049 and 05H15GB) was from Pharmaco-BRP
(Brookfield, CT). Franz cell was a PermeGear ArSigstem
(model V3, Serial number 30911) from PermeGear,. Inc
(Hellertown, PA).
Methods

Preparation of gel dosage form for diffusion study

7.5 mg of carboxymethyl cellulose sodium (CMC)
was dissolved in 25 mL of water to prepare a 30d¥at®n of
CMC. To prepare the final gel (50 IU of HINS/mL),02mL of

administratior® Research to find a more convenient route ofthe CMC solution were mixed with 2.0 mL of HumulR®

administration for HINS has been the subject of yriatense

*Corresponding Author
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Mob. 910.893.1703

solution (100 IU/mL).
Preparation of Phosphate buffer

Phosphate buffer used in this experiment was a 10x
dilution purchased from Fisher Scientific. In order make a
100 mL of phosphate buffer, 10 mL of the originalffer was
mixed with sufficient water to make 100 mL of 1x fieu.
The pH of the diluted buffer was 7.4.
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High Performance Liquid Chromatography Assay for
Insulin

Quantification of HINS in solution was made by an
HPLC assay. The main components of this systenudied C-
18 column (5 p of length 250 mm and ID 4.6 mm maotufred
by Altima) with a guard column (Alltech Altima pigasard C-18
3u of length 53mm and ID 7 mm); ConstaMetric 4160/ent
delivery system; Waters 717 plus Autosampler; \\&af&i6 Data
Module; and a UV detector (Waters 2487 Duahbsorbance
detector).

Franz diffusion cell consisted of a donor (1 mLHanreceptor
compartment (5 mL). Hair-less mouse skin was malnte
between the donor compartment and the receptor aament.
The area for diffusion between the two chambers \8936
cn?. The volume of the liquid (enhancer or contrdugons)
covering this area of the skin was approximatelyuZO The
two compartments were held together with a metampl
Receptor compartment was filled with 5 mL of phasehbuffer
(pH 7.4). HINS containing gel was placed in the alon
compartment and was covered with a Par&fivh(SPI Supplies

The mobile phase consisted of acetonitrile: water:Division; West Chester, PA) layer to prevent drgmeReceptor

trifluroacetic  acid:  hexanesulfonic  acid-sodium tsal
(30:70:0.1:0.1). The flow rate was 1 ml/min, thevelength was
set at 215 nm, and the injection volume wasp20 Insulin
absorbance in solution showed a linear profile ugrmut a
concentration range of 0.5 to 50 1U of HINS/mL.

Animals and Treatment

Thirty male MDX strain mice (10 weeks old) were
purchased from Charles River Laboratory (Wilmington
Massachusetts). After being sacrificed with C&3phyxiation,
the skin was removed from the abdominal area(eaohse
provided enough skin for three Franz cell experitslerThe hair
was shaved off using a scalpel. The skin was thieced
immediately in a chilled 0.9 % NaCl solution to gei¢ moist.
The skin was then taken out of solution, dried pglging two
pieces of artificial membranes on the skin. Sixfedént
permeation enhancers were chosen for testing: DM&QyI
acetate, iodide tincture, limonene, linolenic a@dd propylene
glycol. In addition to the enhancers, four contrehicles were
tested: Alcohol, USP; purified water; alcohol:watg0:50); and
alcohol (50 mL)/sodium iodide (2.1 g)/water (enoughmake
100 mL) mixture. lodine tincture was prepared bying 1.8 g
iodine and 2.1 g sodium iodide in 50 mL of alcofidie mixture
was then made to 100 mL with purified water. Ausioin of
ethyl acetate in alcohol was prepared with a cotnaton-
strength of 1:1. Limonene was dissolved in alcabgirepare a
final solution of 5% v/v. The alcohol used in #ike solutions
was Alcohol, USP.DMSO, Linolenic acid, and propyagiycol
were applied directly on the skin without dilutioAll solutions
were made fresh on the day of the experiment.

Skin was treated with the permeation enhancer
control solutionsbyapplying the solution in a pkalamotionon
the skin surface using a cotton swab (Q tips). hE&me the
permeation enhancer was applied the cotton swaldipagd in
the solution for the next application and passedrav new
uncovered area until the entire surface was comeilglebvered
with the solution. Then the treated skin was modinte
immediately (within 2-3 minutes)on a Franz celloprio starting
the experiment.

Franz Diffusion Cell

The Franz diffusion cell was made and named ##er
physician developer, Dr. Thomas J. Franz, overetlttecades
ago. With the assistance of Mr. Paul Lehman, DranEr
characterized the use of this innovation for topicaug

delivery!” The use of Franz diffusion cell in research and

development has become a common practice for stgdyiug
permeation through the skifi.Permeation experiments with a
three-station Franz diffusion cell was performethgshe full-
thickness hair-less mouse skin (approximately &0 thick).
Before starting the experiment, the diffusion eedls turned on
and equilibrated for 30 minutes to reach a tempezadf 37C.
The entire experiment was run isothermally by datng warm
water (37C) in an outer jacket surrounding each diffusioh. ce

(o]

solution was continuously stirred by means of asipig bar
magnet at 600 rpm. Receptor solution samples (Q.3eath)
were withdrawn through the sampling port at 5 niirhyr, 2 hrs,
3.5 hrs 5 hrs, and 7 hrs. An equal volume to théndwawn
sample of fresh buffer was added to maintain tHarae in the
receptor chamber at 5 mL. The withdrawing tool c¢stesl of a
1-mL plastic syringe fitted with a narrow plastigoe to allow
sampling from a point in the solution just above thagnetic
stirring bar. Samples along with standard HINS sohs were
stored in the refrigerator {@) until the time of analysis. The
role of the standard HINS solutions was to ensueestability of
HINS during the storage period. No degradation detected
during the storage time.

Calculation of the Permeability Coefficient

The diffusion data was fitted to the faliog
mathematical model for diffusion in order to estinahe
permeability coefficient value:

M=kS G(t—1)

Where, M is the cumulative amount of HIN&used, k
is the permeability coefficient, S is the area iffudion (0.6963
cn12), Cy is the initial concentration of HINS in the donor
compartment (50 1U/mL), t is the time, andis the lag timé?
The lag time relates to the permeability coeffitidy the
following mathematical expression:

t=hi6k
Where, h is the thickness of the barrier membrahe.lag time
can also be calculated by extending the straigletdiegment of
the cumulative amount diffused vs. time curve te thaxis.
fhe point of intersection with x-axis is.*IJMP® Statistical
Discovery Software (SAS Institute, Cary, North Gara) was
used for estimating the, kalue.
Statistical Analysis
Unless otherwise indicated, data aesgmted as mean +

standard deviation.  Differences among the groupew
analyzed using an ANOVA test, whereas individuahmealues
were tested using a one-sample Student t-tesp vAlue less
than 0.05 was considered significant.  JVStatistical
Discovery Software (SAS Institute, Cary, North Gara) was
used for all the descriptive and inferential statssanalysis.

Results and discussion

Diabetic patients, in particular those who suffesni Type 1
diabetes, are required to administer HINS multiplees daily.
This daily and repeated injection of HINS is asated with
inconvenience, pain, and discomfort. Thus, findiren
alternative route of administration for deliveriiffNS, other
than the parenteral route, is highly desirablethis study, the
diffusion profile of HINS through full-thickness indess mouse
skin layer was investigated in vitro. We employéed different
permeation enhancers along with control solventesys to
quantify the cumulative amount of HINS diffusingffin a gel
formulation through a layer of mouse skin. The coommed gel
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Figurel. The cumulative amount of insulin diffusmar 7 hours for

DMSO (—). Each data point is a single observation.
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Figure2.The cumulative amount of insulin diffuseeio7 hours
for Linolenic Acid (). Each data point is a single observation.
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Figure 4. The cumulative amount of insulin diffdsever 7
hours for water<-). Each data point is a single observation.

Figure 3. The cumulative amount of insulin diffuseeer 7 hours for
propylene glycol{-). Each data point is a single observation.

Figure 5. The cumulative amount of insulin diffusader 7 hours for
ethyl acetate in alcohol (1:1) (----) and AlcohdiSP ). Each data

point is a single observation.
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Figure 6. The cumulative amount of insulin diffdsever 7 hours

for iodine tincture (----), alcohol (50 mL)/sodiumdide (2.1
g)/water/100 mL solution+), and alcohol:water (50:50) mixture
(— *—). Each data point is a single observation.
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Figure 7. The cumulative amount of insulin diffds®ser 7 hours
for limonene in alcohol (5%) (----) and Alcohol, B§—). Each
data point is a single observation.
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Figure 8. Cumulative amount of insulin (IU) difecsat 7-hour
post-application. Error bars are onestandard tlewifrom the
mean.

formulation contained carboxymethyl cellulose sodi15%
w/v) and HINS (50 IU/mL). In general, the use ofl gs a
transdermal delivery vehicle for drugs allows atdretontact
with the skin surface, permitting more efficientlidery.?
Among the six enhancers used, no practical cunvelamount
of HINS was detected with DMSO, linolenic acid, jpytene
glycol, or any control vehicle (Figures 1, 2, 3dah Table 1). It
is believed that DMSO produces a small, but rebbsi
disruption of the lipid structures (mainly ceransdeholesterol,
and free fatty acids) within the stratum corne€drit. The mode
of action on drug diffusion enhancement of propglaglycol
was described having a dual effect on lipid andatier
disruption of the stratum corneufh.lt is believed that the
degree of hydration of the stratum corneum plagsgor role in
the diffusion of solute through the skin. The higtiee degree of
hydration the better is the diffusion. This is pgrh due to the
ability of water molecules to penetrate the skirl grosition
themselves within the stratum corneum structurés phesence
of water molecules within the membrane, howevers wat
found to cause any lipid or keratin disruptiGiRretreatment of
the mouse skin with purified water enhanced théusién of
HINS to some degree, albeit small (statisticaliyndficant at 7-
hour; 0.12 IU/créhour; p < 0.001; Table 1); and for all practical
reasoning, it is insignificant (Figure 4). The peetment with
ethyl acetate (Figure 5), iodine tincture (Figuyeahd limonene
(Figure 7) resulted in an increase in the cumutatimount of
HINS diffused over a 7-hour period of approximataly5, and
10 folds, respectively, when compared to that wittter (Figure
8; Table 1). The use of alcohol alone or in a fooma
hydroalcoholic solution had a negative effect oa diffusion of
HINS. The presence of sodium iodide in a hydroabtich
solution slightly improved the diffusion of HINSpWwever, not
to the same extent as that of iodine tincture (tlooe-third of
that of iodine tincture) (Figure 6). With respeatthe enhancers
used, limonene in alcohol (5%) showed the highestumt of
HINS diffused (5.98 IU) and the lowest amount diffd was
seen with DMSO (0.76 1U) (Figure 8; Table 1). ltingeresting
to note that the secretion rate of insulin by thagreas in adults
is in the range of 0.25 to 1.5 IU/hour, which pkdtlee delivery
rate of insulin from our gel formulation in this maal range
(1.23 IU/cnd/hour) when limonene is pre-applied on the skin
surface?*However, more in vivo research is needed to asoerta
whether the two modes are physiologically equivalemong
the three enhancers that showed any significanttipah
diffusion, limonene in alcohol (5%) showed the tagh
permeability coefficient for HINS through the mousén (9.47
x 10%mi/sec) and the lowest was that with ethyl acetate
alcohol (1:1) (2.8 x 18 cm/sec); this difference was statistically
significant (p < 0.0001). Rastogi and Singh (2006B¥erved a
similar effect of limonene on the diffusion of iisuthrough
porcine epidermis in a Franz diffusion cell motfélgiso et al.
(1996) tested limonene as a diffusion enhancer dogel
formulation containing insulin applied on the slkif Wistar
rat?® They reported a significant hypoglycemic effecstitag
over 10 hours and a bioavailability of insulin frothis
formulation to be 20.7% + 4.6%. The pretreatmenthwan
alcoholic solution of limonene or linolenic acid svahown to
produce an expansion in the stratum corneum andra porous
intracellular matriX’ with little interaction with the membrane
lipids.28 In our study, linolenic acid did not produce ansfigant
effect on the diffusion of HINS through the skindine tincture
was similar in its effect on diffusion rate to dttacetate in
alcohol (1:1), despite its apparent higher perniglooefficient
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value (4.4 x 16 cmisec) (Table 2). The time for HINS to

achieve a uniform concentration gradient within theuse skin
layer (1) was the highest with limonene (142 minutes) olwtd
by ethyl acetate (121 minutes), and the lowest vidttine
tincture (78.6 minutes) (Table 3). This is sigrafit, because
tis the time point where the drug’s diffusion throughe
membrane reaches equilibrium(i.e., becomes lireeagrding to
Fick's law for diffusion.) In the case of iodinmdture, it was
suggested that iodine deactivated HINS degradatiechanisms
within the skin (e.g., reduction in glutathione centration), so
that more HINS was available for permeating then s&jjers®®
Pretreatment with an iodine solution was also shtwproduce
hypoglycemia in streptozocin-diabetic rats uponlgpg 0.5

mL of Humulir® R to the hair-less abdominal area of skin (50
IU; diffusion area of 1.33 cfjta 90% decrease in blood glucose

was observed after 4 hours post HINS treatrfieifor ethyl
acetate in alcohol (1:1) solution, the mechanismactfon by
which this solvent mixture acted was perhaps due igid-

extraction effect on the skifl.In general, for enhancing the

diffusion of drugs through the skin, mechanisms tharease
the partition, the diffusion, and/or the solubildjthe drug may

be utilized in that regartf. Some mechanisms of action of the

permeation enhancers were suggested to involvéadilaf the
intercellular lipid spaces within the stratum carmmg an
increase in the fluidity of cellular membrane lipicand/or the
removal intercellular lipids, thus reducing the fukfonal
resistance and facilitating the transdermal ditfasof drugs’>=2
These mechanisms collectively or individually coulcve
influenced the partitioning, the diffusion, andtbe solubility of
HINS in and through the stratum corneum. In thisitro study,
the results suggest that pre-treatment of the wiim limonene
in alcohol (5%) solution has the potential for defing HINS
transdermally within a normal, therapeutic range.

Conclusion

The diffusion of HINS through mouse skin was faatked by
pretreatment with limonene in alcohol (5%), lodiirecture, or
ethyl acetate in alcohol (1:1). The highest amoohtHINS
diffused was seen with limonene in alcohol (5%)aatate of
1.23 |U/cnf/hour, which mimics the pancreatic
secretion. HINS was prepared in a simple gel foatioh which
allowed intimate contact with the skin surface. Epplication
of this gel formulation on an area of the skin prated with a
limonene solution in alcohol (5%) has the potentialdeliver
HINS transdermally.
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Table 1.Cumulative amount of insulin diffused atatr
post-administration.

Enhancer Type A Cumulative Amountof Insulin Overall rate IU/cm?/hour pValue®
Diffused (IU) (Mean £ S.D.)

Alcohol, USP 3 00 0 —
DMSO 9 0.76 + 0.45 0.16 0.0009
Ethyl Acetate 9 1.67+1.42 0.34 0.0076
lodine Tincture 9 3.13+0.96 0.64 < 0.0001
Limonene 8 5.98 +3.11 1.23 0.0010
Linolenic Acid 9 1.10+0.19 0.22 < 0.0001
Propylene Glycol 9 0.89+0.42 0.18 0.0002
Purified Water 29 0.60 +0.34 0.12 < 0.0001
\Water:Alcohol (50:50) 2 0+0 0 -
Alcohol/Water/Nal 2 1.07+1.50 0.22 0.5000
n is the number of replicates. Each replicate avaimgle Franz cell.
® Tested whether the mean of the cumulative amofinsalin was zero for each enhancer type.

Table 2. The permeability coefficientJKcm/sec) of human insulin through hair-less maige pre-treated with
permeability enhancers.

Permeability Enhancer n k, (cm/sec) (x 16) 95% C.I. (x 10°) pValue®

Ethyl Acetate in Alcohol (1:1) 9 2.78 [0.99 — &]5 0.0034
lodine Tincture 9 4.42 [3.06 — 5.79] <0.0001
Limonene in Alcohol (5%8) 8 9.47 [6.80 — 12.12] <0.0001

@ Tested whether the value gf\kas zero for each enhancer type. A zero valuk,fignified no permeation.
b Different from lodine Tincture and Ethyl AcetateAlcohol (1:1) p< 0.0001). There was no statistical differencevieen lodine
Tincture and Ethyl Acetate in Alcohol (1:1).

Table 3. Lag time (} in minutes of human insulin through hair-less swagkin in the presence of permiéiab

enhancers.
Permeability Enhancet n t (minutes)
Ethyl Acetate in Alcohol (1:1) 9 121.0
lodine Tincture 9 78.6
Lemonene in Alcohol (5%) 8 142.0

% Tested whether the value gf\kas zero for each enhancer type. A zero valuk,fgnified no permeation.
b Different from lodine Tincture and Ethyl AcetateAlcohol (1:1) p< 0.0001). There was no statistical difference betw
lodine Tincture and Ethyl Acetate in Alcohol (1:1).
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