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bstract

urpose: The aim of this study was to develop and evaluate a novel three-layered oral delivery system for insulin in vivo.
ethods: The patch system consisted of a mucoadhesive layer, a water insoluble backing layer made of ethylcellulose and an enteric coating
ade of Eudragit®. Drug release studies were performed in media mimicking stomach and intestinal fluids. For in vivo studies patch systems were

dministered orally to conscious non-diabetic rats. Orally administered insulin in aqueous solution was used as control. After the oral administration
f the patch systems a decrease of glucose and increase of insulin blood levels were measured.
esults: The mucoadhesive layer, exhibiting a diameter of 2.5 mm and a weight of 5 mg, comprised polycarbophil-cysteine conjugate (49%),
ovine insulin (26%), gluthatione (5%) and mannitol (20%). 74.8 ± 4.8% of insulin was released from the delivery system over 6 h. Six hours after
dministration of the patch system mean maximum decrease of blood glucose level of 31.6% of the initial value could be observed. Maximum
nsulin concentration in blood was 11.3 ± 6.2 ng/ml and was reached 6 h after administration. The relative bioavailability of orally administered

atch system versus subcutaneous injection was 2.2%.
onclusion: The results indicate that the patch system provides enhancement of intestinal absorption and thereby offers a promising strategy for
eroral peptide delivery.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Oral route is the most convenient route of drug application
or the patients because it offers advantages over injection such
s better patient compliance, low costs and avoidance of infec-
ions and pain. However, for many peptide drugs this way of
pplication is not feasible due to poor bioavailability. Insulin,
hich is used by diabetic patients, needs to be injected several

imes daily in order to avoid hyperglycemia. Oral administra-
ion of insulin would mean improvement of the life quality for
iabetic patients. Furthermore, insulin absorbed in the small
ntestine would mimic the physiology of insulin, carried directly

o the liver via the portal vein. Absorption into the portal vein
ould maintain a peripheral-portal insulin gradient that reg-
lates insulin secretion. In its first passage through the liver,

∗ Corresponding author. Tel.: +43 512 5075383; fax: +43 512 5072933.
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oughly 60% of the insulin is retained and metabolized, thereby
educing the incidence of peripheral hyperinsulinaemia.

However, due to its high molecular mass, charge and
ydrophilicity insulin is unable to pass intestinal membranes in
rder to reach the blood stream in a sufficient amount. Moreover,
s a peptide, insulin is susceptible to the proteolytic degrada-
ion by different gastrointestinal enzymes on the gastric and
ntestinal mucosa as well as by acidic environment of the stom-
ch. Attempts to overcome enzymatic barrier and improve the
ioavailability have involved, on the one hand use of lipo-
omes (Takeuchi et al., 1996) and nanoparticles (Mathiowitz
t al., 1997) as a mechanical protection and, on the other hand
nzyme inhibitors, as biochemical protection. However, enzyme
nhibitors have exhibited high incidence of systemic intoxi-
ations, disturbed ingestion of nutritive proteins and pancreas

alfunctions (Marschütz and Bernkop-Schnürch, 2000).
The use of mucoadhesive polymers has been established

s efficient drug carriers for poorly absorbed orally adminis-
ered drugs. Besides not being absorbed from the intestinal tract

mailto:andreas.bernkop@uibk.ac.at
dx.doi.org/10.1016/j.ijpharm.2007.06.052
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nd guaranteeing, in that way, desirable lack of systemic toxic
ide effect, polymeric drug carriers offer intimate contact to the
ntestinal mucosa due to mucoadhesive properties. Further on,
olymeric drug carrier provides prolonged residence time in the
ntestine, higher concentration of the drug on the mucosa, and
ustained release of the drug (Bernkop-Schnürch et al., 1999).
t has been reported that the mucoadhesive poly(acrylates) like
arbopol and polycarbophil are capable of enhancing the intesti-
al absorption of peptides by reducing the metabolic activity
f both luminal and membrane bound proteolytic enzymes and
y opening of the intestinal intercellular junctions (Luessen et
l., 1996a,b). Thiolated polymers, or so-called thiomers, rep-
esent a new class of efficient mucoadhesive polymers with
mproved mucoadhesive and permeation enhancing properties
Bernkop-Schnürch, 2005). In this study thiolated polycarbophil
as chosen as a polymeric drug carrier because it represents a
romising combination of the enzyme activity inhibitor and effi-
ient paracellular permeation enhancer (Bernkop-Schnürch and
haler, 2000).

In this work we developed a multi-layered oral delivery
ystem for insulin comprising thiolated polycarbophil as a poly-
eric matrix layer and water-insoluble backing layer, preventing

dditionally an attack of intestinal luminal enzymes. By using
nteric coating the intact transport of the dosage form through the
tomach could be guaranteed. Such drug delivery system may
chieve increased local drug concentration and protect insulin
gainst proteolytic degradation.

. Experimental part

.1. Materials

Polycarbophil was purchased from Noveon. Bovine insulin,
lutathione, cysteine, ethylcellulose and Ellman’s reagent
DTNB, 5,5′-dithiobis(2-nitrobenzoic acid), ethylenediaminete-
raacetic acid (EDTA), dimethylsulfoxide (DMSO), ethylene-
iaminetetraacetic acid tripotassium salt dihydrate (K3-EDTA)
nd trishydroxymethylaminomethane (TRIS) were purchased
rom Sigma–Aldrich, Austria. Mannitol was purchased from
att-Koller, Austria. Eudragit L100-55 was purchased from
öhr, Germany.

.2. Manufacturing of patches

First, polycarbophil-cysteine conjugate was synthesized as
escribed previously (Bernkop-Schnürch and Steininger, 2000).
egree of modification was determined using Ellman’s reagent

Bernkop-Schnürch and Steininger, 2000). Patches were pre-
ared using a mixture of 49% PCP-cysteine, 26% insulin, 5%
luthatione and 20% mannitol dissolved in water and adjusted
o pH 2.5 with 1 M HCl. After lyophilization 5 mg discs were
ompressed at constant pressure of 1.5 kN, resulting in discs of
.5–0.8 mm height and 2.5 mm diameter. Discs were coated in

wo steps. Each coating step was performed by immersing the
isc four times into the solution of coating material in acetone.
irst step included coating on the top and on the side with 5%
w/v) ethylcellulose. The uncoated side of one disc was stick

d
i
i
d

ig. 1. Schematic presentation of the three-layered thiomer patch delivery sys-
em.

o the uncoated side of another disc using 3% (w/v) Eudragit
100-55, followed by coating of the whole dosage form with
% (w/v) Eudragit L100-55 (Fig. 1). Thereafter, the obtained
sandwich” was damped with a tiny amount of hard fat in order
o facilitate swallowing in in vivo experiments with rats.

.3. In vitro release of insulin from the patches

A release profile of insulin from the patch delivery system
as first evaluated in 1.2 ml, 80 mM, pH 1.2 HCl with 0.2%
aCl, mimicking an artificial gastric fluid, for 2 h. The dosage

orms were placed in the orbital shaker at temperature of 37 ◦C
rovided with magnetic stirrer plate and stirred at 200 rpm. The
oal of the incubation of the dosage form in the acidic medium
as to demonstrate the stability of the coated formulation

oward stomach acidity. After 2 h, the medium was replaced with
.2 ml phosphate buffer containing 9 mM Na2HPO4; 1.6 mM
H2PO4; 0.14 M NaCl; 5 mM EDTA; 5 mM TRIS and 10%
MSO, adjusted to pH 7.4. DMSO has been added in order to

nhance the solubility of released insulin. During the next 6 h
liquots of 120 �l were withdrawn at intervals of 30 min. Sink
onditions were maintained throughout the whole experiment.
n amount of released insulin was determined by HPLC (La
hrome, Hitachi, Japan) using a method described previously by
ur research group (Marschütz and Bernkop-Schnürch, 2000).

.4. In vivo evaluation of the delivery system

The fate of the patch system in the gastrointestinal tract was
xamined as described below. Six hours after the administration,
ats were sacrificed and patch systems were checked for their
ocation in the gastrointestinal tract and shape.

The protocol for the studies on animals was approved by the
nimal Ethical Committee of Vienna, Austria and adhered to

he Principles of Laboratory Animal Care. For in vivo stud-
es non-diabetic male Sprague–Dawley rats of body weight
64 ± 16 g were used. The rats were obtained from the Institut
ür Labortierkunde und Genetik, University of Vienna, Aus-
ria. The rats were fasted for 12 h prior the experiment. Before
n application of insulin formulations, 90 �l of blood samples
ere withdrawn from the tail vein. The samples were collected

n 1.5 ml tubes containing 10 �l of 15% aqueous K3-EDTA
olution. These values served as reference values and time of
heir withdrawal was noted as zero. Thereafter, six rats were

osed orally with patch delivery system. Tablets were admin-
stered to non-anaesthetized animals by placing the tablet deep
nto the throat. In order to ensure the swallowing reflex, imme-
iately after tablet administration, 200 �l of drinking water
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ere administered orally. To determine the relative bioavail-
bility of the oral formulation versus subcutaneous injection,
ix rats received 248–280 �l subcutaneous injection containing
.16 mg/ml insulin. Total amount of injected insulin was 0.04 mg
er kg of body weight. To the third group of six rats insulin solu-
ion containing the same amount of insulin as patch system was
dministered orally. Oral solution containing the same amount
f insulin as the patch system served as control.

During the study, dosed rats were kept in restraining cages and
upplied only with drinking water. Blood samples from orally
osed rats were collected from the tail vein every 2 h during the
eriod of 12 h, starting from the administration. In the case of
ats that were given insulin subcutaneously, blood samples were
ithdrawn from the tail vein at the 0.25, 1, 2, 4, 6, 8 h intervals.
fter 12 h the rats were fed. Blood glucose level was determined
sing a blood glucose reader (MediSense Precision Xtra Plus,
bbott, UK).
Blood samples were centrifuged (5000 × g for 5 min) plasma

as collected and stored at −20 ◦C until analysis. The amount of
nsulin in plasma was determined in duplicate using the ELISA
or bovine insulin purchased by Mercodia, Sweden.

.5. Pharmacokinetic analysis

cmax and tmax were determined from the pharmacokinetic
rofiles generated by plotting the concentration of insulin in
lasma (ng/ml) versus time. The areas under the concentration
ime curves (AUC) were calculated according to the linear trape-
oidal rule. The relative bioavailability was calculated from the
ose and areas under the curves for oral versus subcutaneous
dministration.

. Results

.1. Characterization of polycarbophil-cysteine conjugate

Cysteine was bound to polycarbophil (PCP) via amide bond
etween the carboxylic groups of the polymer and primary
mino groups of l-cysteine. PCP-cysteine conjugate exhibited
86.1 ± 23.6 �mol thiol groups per gram polymer. The syn-
hesized conjugate was white, odorless and showed fibrous
tructure.

.2. In vitro release of insulin

Diffusion studies in acidic medium showed that no insulin
as released at all from the formulation within 2 h of incubation

data not shown). Drug release took place after the patch system
ad been placed in the medium of the pH 7.4 where Eudragit,
olding the two adherent patches together, was dissolved. The
elease profile of insulin from patches over the period of 6 h in
ntestinal pH conditions is shown in Fig. 2 indicating sustained
elease of insulin from the polymer matrix. Over the first 3 h of

he incubation at intestinal pH a zero-order release kinetic could
e observed, whereby 74.6 ± 4.8% of the total insulin in the
ormulation was released. After 3 h the release profile reached a
lateau phase.

3

s

ig. 2. Release profile of insulin from the patch delivery system. A single dosage
orm was incubated in phosphate buffer containing 10% DMSO, pH 7.4 at 37 ◦C.
umulative corrections were made. Data represent mean ± S.D.

During the whole experiment the shape of the patches was
aintained demonstrating the efficacy of the ethylcellulose

oating.

.3. In vivo studies

Fate of the patch system 6 h after the administration is shown
n Fig. 3. As anticipated, after 6 h patch system was split in two
atches, each adhering to the luminal side of the intestine (mid
ejunum). These results indicate that a release of insulin from the
atches started upon arrival into the environment of the intestinal
H.

.3.1. Pharmacological efficacy: evaluation of the
ypoglycemic effect

In order to evaluate the pharmacological efficacy of admin-
stered insulin decrease of blood glucose level, as a biological
esponse to the administration of insulin, was determined. In
ig. 4 hypoglycemic effect induced by the oral administration
f the patch in comparison to the hypoglycemic effect induced
y subcutaneous injection is shown. Within first 2 h after oral
dministration of the patch delivery system, slight decrement
f blood glucose level could be observed. This decrement can
e explained by stress induced drop of blood glucose level
riggered by oral application of the insulin delivery system at
onscious rats, since the same decrement could be determined
fter oral administration of insulin solution. After 6–8 h glucose
evel dropped down by 31.6% of the initial value and was main-
ained for several hours. In contrary, oral insulin solution did not
nduce any significant decrease of glucose level (Fig. 4).
.3.2. Determination of insulin in rat serum
The bioavailability of insulin delivered via thiomer patch

ystem was evaluated by determining insulin concentration in
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ig. 3. Images of thiomer patch delivery system in rat mid-jejunum 6 h after
ral administration.

lasma. The mean plasma insulin concentration against time

rofiles obtained after s.c. and oral administration of the thiomer
atch system or insulin control solution is shown in Fig. 5.
ubcutaneous injection showed immediate increase in insulin
esulting in insulin concentration up to 32.6 ng/ml (two rats

ig. 4. Decrease of the blood glucose level (percent of an initial value) as a bio-
ogical response to insulin after subcutaneous injection (�), oral administration
f patch system (�) and after oral administration of insulin solution (�). Rats
ere fed after 12 h. Indicated values are means ± S.D. of five rats for s.c. and

ix rats for oral administrations.
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ig. 5. Plasma insulin concentration after administration of insulin subcutaneous
njection (�) insulin patch system (�) and oral insulin solution (�). Rats were
ed after 12 h Indicated values represent means ± S.D. of 5–6 rats.

ut of five). In contrary orally administered thiomer patch
ystem induced an increment of insulin concentration up to
7.5 ng/ml (two rats out of six) 8 h after the application. Results
emonstrating significant increase of insulin in serum already
h after administration are in good agreement with results of
lood glucose measurements. In parallel, both constant plasma
oncentration of insulin and decreased plasma glucose level
ere maintained for 6 h. A relative insulin bioavailability was
etermined to be 2.2% versus subcutaneous injection. Main
harmacokinetic parameters are presented in Table 1.

. Discussion

Patches have been routinely used as transdermal delivery
ystems for contraceptives (Burkman, 2004), narcotic anal-
esic (Skaer, 2006) and nicotine (Foulds et al., 2006). Recently,
atches have been also considered as promising buccal (Li et al.,
998) and oral (Eaimtrakarn et al., 2003) preparations for peptide
elivery. A major objective for use of patch preparations for oral
rotein delivery is prevention of protein hydrolysis by luminal
roteolytic enzymes and its absorption enhancement from the
mall intestine (Eaimtrakarn et al., 2002). In the present study we
eport about preparation and efficacy of oral delivery system for
nsulin consisting of three-layered intestinal patch. The system
as been designed to both, provide prolonged residence time of
he drug on the site of action and diminish a diffusion pathway of
he drug from the delivery system to the absorption membrane
Shen and Mitragotri, 2002). This was achieved by using an

dvantage of thiolated mucoadhesive polymer matrix as a drug
arrier. As previously reported, PCP-cysteine conjugate, showed
xcellent mucoadhesive and permeation enhancing properties
n in vitro (Bernkop-Schnürch and Thaler, 2000) and in vivo
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Table 1
Main pharmacokinetic parameters obtained by administration of insulin in different formulations to the rats, average weight 264 ± 16 g

Formulation Oral patch system Oral insulin solution Subcutaneous injection

Insulin dose (mg/kg) 9 9 0.16
Minimum glucose level in % of initial value 70 ± 12.8 87.4 ± 8.1 52.2 ± 0.8
Time point of minimum glucose level (h) 8 – 1
cmax (plasma insulin ng/ml) 11.3 ± 6.2 – 29.5 ± 3.1
t
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max 8
UC0–>12/rat 62.0
elative bioavailability (%) 2.2%

Schmitz et al., 2005) studies. Since PCP-cysteine is covalently
ound to the mucus layer due to the thiol/disulfide exchange
eactions with cysteine-rich mucin glycoprotein (Marschütz et
l., 2000), an improved mucoadhesive properties can be ascribed
o the thiol groups in its structure. Moreover, polymeric matri-
es based on polyacrylates like carbopol and polycarbophil can
nhibit luminal proteases of the gastrointestinal tract and con-
equently, degradation of peptides (Bai et al., 1996; Luessen
t al., 1997). Since luminally secreted enzymes must first pen-
trate the polymeric network in order to degrade the peptide
olycarbophilic matrix offers, accordingly, a protection of the
mbedded peptide. By using a combination of pH dependent and
ater insoluble coating, intestinal drug targeting of intact insulin

ould be achieved. The pH dependent systems exploit the general
cknowledged view that pH of the gastrointestinal tract increases
rogressively from the stomach (pH 2–3) to the small intestine
pH 6.5–7) (Leroux et al., 1995). Site specific delivery into the
pper intestine can be achieved by use of Eudragit L100-55, a pH
ensitive methacrylic acid copolymer with a dissolution thresh-
ld of pH 5.5. The pH-sensitivity of Eudragit L100-55 has been
reviously demonstrated through in vitro experiments mimick-
ng pH conditions within the gastrointestinal tract (Leroux et al.,
995; De Jaeghere et al., 1998). Further on, the backing layer
onsisting of water insoluble ethylcellulose provides the protec-
ion against enzymatic hydrolysis (Eaimtrakarn et al., 2003) and
iffusion of the drug into the intestinal lumen.

Hydrogels, such as polycarbophil, are generally highly
ermeable to various drug compounds, can withstand acidic
nvironments, and can be tailored to “swell”, thereby releasing
ntrapped molecules through their weblike surfaces (Vogelson,
001). However, due to the relatively small diffusion area of the
atch and limited water inflow, which is necessary for swelling,
iffusion of insulin was problematic. In order to provide a suf-
cient insulin release, one single dosage was build up of two
ingle patches stuck to each other with the layer of Eudragit
100-55. After reaching the pH 5.5 the patches were assumed

o fall apart resulting in doubled diffusion area. As reported pre-
iously, by addition of mannitol, a release rate of the drug from
CP-cysteine drug carrier matrix can be significantly improved
Achleitner, 1995). Optimal quantity of added mannitol provid-
ng relatively high drug release under preservation of the patch
hape was found to be 20% (w/w).
Hypoglycemic effect was taken as a measure for insulin
bsorbed in its pharmacologically active form. Two hours after
he administration of dosage forms, a significant hypoglycemic
ffect could be observed. The mean maximum reduction of

w
d
a
t

– 0.2
0 50.6
–

lood glucose appeared 6–8 h after administration, being 31.6%
f the initial value and was maintained for several hours, pro-
iding evidence that insulin was, both released from patches
nd absorbed, in its active form. The relatively high standard
eviations can be explained by usually high variations in the pas-
age time of enteric-coated tablets from the rat stomach into the
uodenum.

The use of water insoluble backing layer seems to be expe-
ient, considering that the enzymatic activity of luminally
ecreted peptidase in rats is 16 times greater than the activity
f the membrane-bound peptidases (Woodley, 1994). Thereby,
hances for insulin degradation by proteolytic enzymes are addi-
ionally minimized.

Despite of ensured protection toward enzymatic degradation
y backing layer insulin still requires a permeation enhancer, in
rder to be absorbed, owing to its large molecular size which is
onsidered to be major factor limiting its diffusion across bio-
ogical membranes (Hosny et al., 2006). This also explains the
enefit of the PCP-cysteine over an unmodified polymer, since
CP-cysteine induces paracellular transport by opening tran-
iently tight junctions (Bernkop-Schnürch and Thaler, 2000).
SH plays an important role in the opening of tight junctions
f intestinal epithelia. PCP-Cys has the capability to reduce oxi-
ized glutathione, prolonging the concentration of GSH at the
pical membrane, resulting in significantly enhanced paracellu-
ar transport (Clausen et al., 2002).

In contrary, orally administered insulin solution showed no
eduction in blood glucose level due to both, dilution of insulin
ith gastrointestinal fluids and degradation by proteolytic

nzymes. Krauland et al. (2004) evaluated the hypoglycemic
ffect of orally administered insulin in non-diabetic rats by co-
dministering two types of enzyme inhibitors incorporated into
olymeric matrix using the same amount of insulin, achieving
maximal decrement of blood glucose level for 28% of the ini-

ial value, which is in the same range like in the present study
y using protective layers instead of enzyme inhibitors. Also
he calculated relative bioavailability in the study by Krauland,
hich has been calculated to be ∼1.7% can be compared to our
ndings (∼2.2%).

In comparison to the delivery system for insulin based
n enzyme inhibitors covalently attached to PCP-cysteine
Marschütz et al., 2000), where a reduction of plasma glucose

as maintained for 80 h, an effect induced by patches has a
uration of 6 h, raising to the initial concentration 12 h after
dministration of insulin. Taking into account the rat intestine
urn over rate of up to 270 min (Lehr et al., 1991), the sustained
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ffect, in the study by Marschütz, cannot be attributed to the
ucoadhesive properties of the delivery system but possibly to

he irreversible inhibition of proteolytic enzymes. Permanent
nactivation of the luminal enzymes could lead to the intestinal
iscomfort and digestion malfunction.

Also insulin blood levels were in good accordance with the
btained glucose blood levels. Since the insulin detection ELISA
it used shows a crossreactivity with rat insulin it was necessary
o subtract the initial values. As shown in Fig. 5, insulin blood
evels of the rats treated with oral insulin solution did not change
ver the 12 h of experiment indicating the efficacy of the sys-
em. One may argue that the dose of administered insulin is too
igh, but since the ability of non-diabetic rats to compensate the
eduction of glucose level is higher than in non-diabetic rats, it
as necessary to apply such high dosages of insulin in order to
btain the valid results.

Using enteric coating material and water insoluble backing
ayer it was possible to shield insulin from stomach acidity and
roteolytic enzymes and target the site of the drug delivery.
he polymeric matrix comprising of mucoadhesive thiolated
olymer enabled a sustained release of the insulin providing
steep concentration gradient on the intestinal membrane over

he period of 6 h.
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