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Abstract. Management of moderate or severe chronic pain conditions is the burden of clinicians dealing
with patients trying to improve their quality of life and diminish their suffering. Although not a new
opioid, tramadol has been recently rediscovered and widely used; this may be due to its favorable chronic
safety and dependence profiles together with its high potency. Tramadol is a centrally acting analgesic
with half-life of ~6 h; therefore, it requires frequent dosing. It is freely soluble in water; hence, judicious
selection of retarding formulations is necessary. The current study is focused on the innovation of a novel,
simple, monolayer, easy-to-use, cost-effective, and aesthetically acceptable bioadhesive transdermal
delivery system overcoming the defects of the conventional “patch” as carrier system for tramadol,
ensuring its adequate delivery, along with the physicochemical evaluation of the designed formulations.
Monolithic tramadol matrix films of chitosan, different types of Eudragit®, and binary mixtures of both
were prepared. As a single-polymer film, chitosan film showed best properties except for somewhat high
moisture uptake capacity, insufficient strength and rapid release, and permeation. Polymer blends were
monitored in order to optimize both properties and performance. Promising results were obtained, with
chitosan-Eudragit® NE30D (1:1) film showing the most desirable combined, sufficiently rapid as well as
prolonged release and permeation profiles along with satisfactory organoleptic and physicochemical

properties.
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INTRODUCTION

In the twenty-first century, pain has become the most
common reason that patients seek medical attention, with
chronic pain emerging as a major public health problem. Not
surprisingly, individuals suffering from pain suffer as well
from a significantly reduced quality of life (QOL) (1).

Opioids are the most powerful pain relievers, and
therefore, traditional opioid analgesics remain the drug of
choice for the medical treatment of severe acute pain
syndromes and for progressive severe chronic illnesses.
The most common side effects seen with opioid therapy
are constipation, nausea, vomiting, sedation, itching, respi-
ratory depression, tolerance, addiction, and physical de-
pendence (2).

Tramadol is a synthetic, potent, atypical centrally acting
analgesic with two distinct, opioid and non-opioid, mecha-
nisms of action. The two enantiomers of racemic tramadol
function in a complementary and synergistic manner to
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enhance its analgesic efficacy and improve its tolerability
profile (3). In 1998, tramadol became the most widely used
centrally acting analgesic worldwide; its success is a reflection
of its favorable safety profile which differs significantly from
other opioids (4).

Tramadol is rapidly absorbed after oral administration;
the peak analgesic effect occurs 1 to 4 h after drug
administration, with analgesia persisting for only 3-6 h.
Tramadol is extensively metabolized in the liver where it
undergoes biotransformation with the O-demethylated me-
tabolite (M1) having =200 times higher affinity for p-opioid
receptors than the parent drug (4). It was therefore
suggested that the MI metabolite may contribute to the
analgesic effects of tramadol; however, delayed metabolism
of tramadol may have a preferential advantage because it
leads to delayed p-opioid activity and consequently may
reduce drug’s abuse liability (5). Adverse effects and
nausea, in particular, are dose-dependent, and therefore,
the reduction of the amount of drug administered and the
prevention of drug plasma peaks, while providing a simplified
dosage regimen, are important factors for improving tolera-
bility as well as patient confidence and QOL. Furthermore, a
long-acting tramadol formulation may further enhance its
overall efficacy and improve compliance by providing an
around-the-clock analgesia and a more favorable safety
profile (3).

Developing new opioids formulations with a decreased
potential for diversion and abuse and increased efficiency
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continues to present challenges (6). Transdermal delivery
(TD) is a new pharmaceutical approach which has been
recently developed and is attaining great success. Historically,
developments in TD have been incremental, focusing on
overcoming problems associated with the barrier properties of
the skin, reducing skin irritation rates, and improving the
aesthetics associated with patch systems (7). As a molecule,
based on its physicochemical properties (8), tramadol appears to
be a suitable transdermal agent. Also, its pK, is about 9.41;
therefore, it is ionized and soluble over the pH range of interest.

Unfortunately, conventional TTS have some disadvan-
tages which are related to their high cost as compared to
other controlled release formulations, the less-than-ideal
cosmetic appearance, and skin irritation, which present a
major hurdle to patient acceptability (7).

In this study, we are concerned with a novel patch as a
carrier for tramadol. We have tried to innovate a three-in-one
‘soft’ patch consisting of an elegant, aesthetically attractive,
cost-effective, easy-to-handle monolayer polymeric film bio-
adhesive when applied to wet skin.

Tramadol HCI is freely soluble in water, and hence,
judicious selection of release retarding formulations is
necessary to achieve a constant drug input. Matrix system
appears to be a very attractive approach in controlled release
systems. The use of polymers has attracted considerable
attention for the development of controlled release technol-
ogy in the formulation of pharmaceutical matrix products (9).
A prerequisite for progress in the design of novel drug
delivery systems is the development of excipients that are
capable of fulfilling multifunctional roles. Although a large
number of synthetic and natural polymers are available for
drug delivery applications, the use of novel combinations of
polymers enlarge the scope of new drug delivery systems
(10). Researchers have recently begun to study polymer—
drug or polymer—polymer interactions in pharmaceutical
formulations, considering them not as a detrimental occur-
rence but rather as a beneficial event that helps to control
drug release (11).

In summary, in this study, we exploited polymeric matrix
system technology in an attempt to deliver tramadol properly
and safely via transdermal route in a trial to provide patients
with a substantial pain relief, restoring their ability to work,
improving their functional status and, consequently, their
QOL. This part of the study comprised the physicochemical
evaluation of the formulated polymeric films.

MATERIALS AND METHODS
Materials

Tramadol hydrochloride (T) was kindly provided by
ADWIA Corp., Egypt; chitosan, highly viscous, Fluka,
BioChemika, Japan; Eudragit® NE 30D, Eudragit® RS PO,
and Eudragit® RL PO were generously donated by Rohm
Pharma, Darmstadt, Germany; di-n-butylphtalate (DBP),
Merck-Schuchardt, Germany; propylene glycol (PG), BDH
Chemicals Ltd., England; triacetin (glyceryl triacetate), Sig-
ma-Aldrich, Italy; polyethylene glycol 400 (PEG 400), s.d.
fine-chem LTD, Mumbai, India. All other reagents were of
pharmaceutical grade.
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Methods
Preparation of Polymeric Monolithic Matrix Films

Preparation of Chitosan Monolithic Matrix Films. Chitosan
1% (w/w) was dispersed in 1% lactic acid solution at 70°C, then
the drug and the plasticizer (40% w/w of polymer) were added
with continuous stirring (using Velp Scientifica magnetic stirrer)
to ensure uniform distribution (12). The films were then
prepared by solvent evaporation technique.

Preparation of Eudragit® NE 30D Film. The 30%
aqueous dispersion was diluted to reach a concentration of
10%, then the diluted dispersion was stirred with a magnetic
stirrer for 2 h and allowed to stand for 30 min (13). The drug
was added and the films were prepared as stated before.

Preparation of Eudragit® RL PO and Eudragit® RS PO
Films. The polymeric solution (10% w/v) was prepared by
dissolving Eudragit RL PO or Eudragit RS PO along with 40%
plasticizer in isopropyl alcohol-dichloromethane (1:2) solvent
system to obtain a clear solution (14). The drug was then added
and the procedure was completed as previously stated.

Preparation of Mixed Polymeric Monolithic Matrix
Films. Monolithic matrix films of chitosan with Eudragit®
polymers (Eudragit® NE 30D, Eudragit® RL PO, Eudragit®
RS PO) in a chitosan/polymer ratio 1:1 in formulations (E4,
ES, E6) were prepared by dispersing chitosan in 1% lactic
acid solution at 70°C. The second polymeric dispersion was
added under continuous stirring, then the drug and plasticizer
(40% w/w of total polymer weight) were added. The
homogenous polymeric dispersion (1% w/w) was then poured
in Teflon molds to prepare mixed monolithic films by solvent
evaporation technique.

Physicochemical Evaluation of Prepared Polymeric
Monolithic Matrix Films

Organoleptic Examination and Plasticizer Selection. Many
physical and organoleptic characteristics including color,
transparency, gloss, flexibility, elasticity, integrity, strength,
smoothness, homogeneity, residue left on skin upon removal,
security of location on skin (adhesion), and integrity on skin
were examined in order to identify suitable formulations for
the intended application and best plasticizer to be used with
each polymer. The tested plasticizers comprised DBP, glycerin,
polyethylene glycol 400 (PEG 400), triacetin, and PG. A
simple rating score system was assigned to each criterion, with
(+++) representing the most positive characteristics
approaching or matching the target and (——) representing
the most negative result.

Uniformity of Drug Content in the Films. A known
weight of film was dissolved and diluted subsequently with
distilled water, the solution was then filtered using 0.45 pm
Millipore filter, and the concentration of tramadol hydrochlo-
ride was measured spectrophotometrically at 271 nm using
Shimadzu UV Spectrophotometer (2401/PC), Japan (15)
against a blank solution containing the same amount of
polymer and plasticizer without drug (14).
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Film Thickness. The thickness of prepared films was
measured using a micrometer (Mitutoyo, Kanagawa, Japan)
at three different places and mean values were calculated
(14).

Moisture Uptake Study. The films were put in a desicca-
tor with silica gel for 24 h and weighed (W,) using Sartorius
AG Gottingen electric balance, Germany. The films were
then transferred to another dessicator containing saturated
NaCl solution (relative humidity 75%) at 25°C until a
constant weight was obtained. After equilibrium was attained,
the films were taken out and weighed (W,,,) (14,16). Moisture
uptake capacity was calculated according to the following
equation:

Moisture uptake capacity (%) = (Wn — Wi/W;) x 100. (1)

Moisture Content Study. The prepared films were weighed
(W) and kept in a desiccator containing silica gel at 25°C until
it showed a constant weight (Wy) (14,16). The moisture content
was calculated according to the following equation:

Moisture content (%) = (W; — Wq/Wy) x 100. (2)
Swelling and Water Uptake Study. The water uptake was
determined gravimetrically (17). The dried films fixed to
stainless steel support were immersed in a beaker containing
25 ml distilled water at room temperature. At specific
intervals up to 3 h, the swollen sample with the pre-weighed
mesh were weighed after removal of excess surface water by
light blotting with a filter paper. The experiment was
discontinued when the film begin to disintegrate or dissolve.
To quantify the swelling process, the swelling index percent-
age was calculated as follows:
Swelling index% = (W — Wq/Wy4) x 100 (3)
where Wy is the weight of the dried polymer film and W
denotes the weight after swelling.

Mechanical Properties Study. The mechanical properties
were evaluated using Chatillon® apparatus for force mea-
surement (greensbro, NC 27409). Rectangular film strips of
fixed width and length were fixed between the upper and
lower jaws. The lower jaw was driven downward with a speed
of 1 mm/s. Load versus displacement curves were recorded
until rupture of the film (18). The mechanical properties were
determined as follows:

Tensile strength = Breaking force/area of the film

)

Elongation at break %
= Difference in length at breaking point

x 100/original length (5)

Energy at break = AUC/V (6)
where AUC is the area under load versus displacement curves
and Vis the volume of the film located between upper and lower
jaws (the energy at break is normalized to the film’s volume).

pH Measurement. The pH of the film forming solutions
was measured using 3510 Jenway pH meter, UK which was
calibrated before use (19).

FTIR Study. The pure drug, the unmedicated mono-
lithic matrix films (or the polymer), and the films contain-
ing the drugs were mixed separately with IR grade KBr in
the ratio of 100:1, and corresponding discs were prepared
by applying 5.5 metric tons of pressure in a hydraulic press.
The discs were scanned over a wavenumber range of
4,000-400 cm .

In vitro Release Studies Using USP Dissolution Tester.
The dissolution studies were performed according to USP
23 apparatus 5 using dissolution test unit, Hanson Research
Corp., USA (20); 1,000 ml of distilled water (12,15,20) was
used as dissolution medium. The temperature was adjusted
at 32+0.5°C and the speed at 50 rpm. Aliquots of 5 ml
were withdrawn through sintered glass filter at each time
interval and replaced by equivalent amounts of fresh
dissolution media. Blank experiments were simultaneously
performed. Decisive release parameters, percent cumula-
tive amount of drug released after 5 h (% Qs), release
efficiency percentage (% RE), mean release time (MRT),
estimated time to achieve 100% release (T4gp), diffusion
coefficient (D), were calculated to compare different
formulae.

Ex vivo Permeation Studies. The skin permeation
studies were performed using full-thickness naked abdom-
inal rat skin. The skin was kept frozen until use within
1 week (21). Vertical type Franz diffusion cells (Vangard
International Inc., USA) were used. Distilled water (22)
containing 0.005% sodium azide as preservative (23) was
used as receptor medium and was agitated at 300 rpm and
37+0.5°C. After equilibration of the skin with receptor
phase, the barrier integrity was inspected visually. The
medicated circular film of surface area 5 cm?® was placed in
the donor compartment. Parafilm® was used to occlude
the donor and receptor chamber and prevent solvent
evaporation. A similar set was run simultaneously using
unmedicated patch at the donor compartment as a skin-
patch control system to avoid the influence of inherent
extracts from the skin or leaching of any material from the
patch without drug (16). Samples of the receptor fluid (1 ml)
were withdrawn at various time intervals up to 24 h and
replaced immediately with fresh distilled water, then the
samples were filtered and assayed spectrophotometrically at
271.

All statistical analyses were done according to the one-
way analysis of variance test followed by the least significant
difference procedure using the SPSS® software.

RESULTS AND DISCUSSION

Physicochemical evaluation and appropriate quality
control are essential to ensure safety and adequate performance
of designed formulae.
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Table I. Organoleptic Properties of Monolayer Polymeric Matrix Films

Film

Properties Chitosan  Eudragit NE  Eudragit RL Eudragit RS E4 ES E6
Best plasticizer Glycerin - PEG 400 PEG 400 Glycerin  Glycerin Glycerin
Color Faint yellow Faint white Yellowish white Yellowish white Faint white Faint yellow Faint yellow
Transparency Transp. Transp. Opaque Opaque Transp. Transp. Transp.
Gloss +++ + + + +++ +++ +++
Flexibility +++ ++ + + +++ ++ ++
Elasticity +++ ++ ++ ++ +++ ++ ++
Integrity +++ ++ ++ ++ +++ +++ +++
Strength + ++ ++ ++ +++ +++ +++
Smoothness +++ + + + +++ +++ +++
Homogeneity +++ ++ ++ ++ +++ +++ +++
Residue left on skin upon removal + + + + + + +
Security of location on skin (adhesion) +++ - + + 4+ ++ T+
Integrity on skin +++ + + + +++ +++ +++

Organoleptic Examination and Plasticizer Selection

The first and most important parameter for the develop-
ment of a polymeric film is the choice of polymer. Besides
having good film-forming properties and being a non-skin-
irritant, the polymer must be soluble in a skin-tolerant solvent
(24). The investigated polymers comprised natural polymer
(chitosan) and synthetic polymers (Eudragit® NE 30D,
Eudragit® RL PO, and Eudragit® RS PO). Apart from
polymers, plasticizers exert a strong influence on the proper-
ties of formed films (25), resulting in higher flexibility,
reduced brittleness, increased strength, improved adhesive-
ness of the film with other surfaces or membranes (26), and
changed permeability of the films. For each polymeric film,
40% of five different plasticizers, DBP (lipophilic) and
glycerin, PEG 400, triacetin and PG (hydrophilic), were
examined to obtain the best suitable and aesthetically
acceptable film properties for topical application allowing to
attain targeted therapeutic effect and patient compliance.

For a first assessment of the suitability of the films from
the patient’s aesthetical point of view (24), a simple rating
score system has been developed (Table I).

Most conventional transdermal patches contain an im-
permeable backing layer leading to occlusion and, conse-
quently, increased risk of skin irritation and infection. The
designed polymeric bioadhesive film has a monolayer struc-
ture which is supposed to avoid pronounced skin occlusion.

Chitosan has received great attention for medical and
pharmaceutical applications due to its beneficial intrinsic
properties (27). Chitosan is suited for repeated adhesion. Its
adhesive properties result from the interaction between
positive charges of chitosan and negative charges of skin.
Chitosan has excellent film-forming properties as well as a
potential for controlling drug release (28). In this study, lactic
acid was used to solubilize chitosan. Some reports indicate
that application of films prepared from chitosan—acetic
solutions caused erythema and edema to rabbit skin, whereas
films prepared from chitosan—lactic acid solution were non-
irritant. Furthermore, lactic acid can improve the flexibility of
the film because of its plasticizing action (29). It is also a
highly effective moisturizer.

For chitosan monolithic matrix film (Table I), glycerin
showed the best properties; the resultant film is almost ideal
in characters except for the insufficient strength.

The use of Eudragits® for controlled drug delivery has
been well known for several years (30). It is obvious that
PEG 400 was the best plasticizer ameliorating the properties
of RL and RS types. A previous study (13) has shown that by
the addition of PEG, the polymeric network becomes less
dense because of an increase in the mobility of the polymeric
chains and in the free volume between the chains, causing the
polymeric network to relax; therefore, the consequences of
the plasticizing action of PEG are favorable to the properties
of the films, while NE type formed strong, flexible and elastic
film without the need of plasticizer. It was reported that
Eudragit® NE 30D gives highly flexible films and has a low
minimum film formation temperature (31). All Eudragit®
films showed high strength, but poor skin adhesion and
flexibility also, except NE type which were difficult to remove
from the mold while keeping their integrity.

A great effort has been devoted to optimize the innovated
films as far as possible. However, optimal properties cannot be
achieved for a single polymer. Therefore, blending of polymers
is necessary to attain more suitable transdermal devices (32)
regarding properties and performance. Binary blends of
chitosan and the different types of Eudragit® were done in a
trial to ameliorate physicochemical properties and to optimize
performance. Glycerin was the plasticizer forming mixed films
of the best properties (Table I).

Uniformity of Drug Content

Homogeneous uniform drug distribution is one of the
important characteristics of a transdermal patch that ensures
the uniform reproducible sustained release of the drug from
the patch (33). Estimation of drug content at different parts
of the film indicated that the drug is uniformly distributed
throughout the films (Table II), evidenced by the low values
of the SD and coefficient of variation. This assures that the
rheological properties of the casting solutions were suitable to
ensure homogenous drug dispersion throughout the casting
and drying process (34).
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Table II. Drug Content Uniformity, Thickness Uniformity, Moisture Content, and Moisture Uptake Capacity of the Monolithic Matrix Films
and pH of the Corresponding Film-Forming Solution

Film thickness % Moisture % Moisture

Film Drug content % +SD CV. % (mm)=+ SD CV. % content+ SD uptake + SD pH+SD
Chitosan 90.00+0.50 0.55 0.050+0.009 18.00 2.10+0.02 3.26+0.08 4.41+0.06
Eudragit® NE 30D 89.91+0.43 0.48 0.550+0.014 2.55 1.03+0.04* 0.73+0.07¢ 6.80+0.03
Eudragit® RL PO 94.92+0.51 0.54 0.500+0.019 3.80 1.82+0.02" 1.32+0.08" 4.20+0.03
Eudragit® RS PO 93.90+0.62 0.66 0.400+0.020 5.00 1.12+0.09" 0.99+0.15“ 4.40+0.07
E4 91.99+0.09 0.10 0.070+0.007 10.00 1.60+0.04° 1.14+0.07° 5.80+0.06
E5 101.04+0.11 0.11 0.065+0.006 9.23 2.00+0.04¢ 1.75+0.07¢ 4.41+0.05
Eo6 102.21+0.49 0.48 0.063+0.009 14.29 1.92+0.09¢ 1.20+0.157 4.43+0.06

Each value represents the mean of three experiments+SD
“Significant difference (p<0.05) compared to chitosan film
b Non-significant difference (p>0.05) compared to Eudragit® NE film
Non-significant difference (p>0.05) compared to Eudragit® RL film
4 Non-significant difference (p>0.05) compared to Eudragit® RS film

Film Thickness

The uniformity of film thickness was evidenced by the
low values of the SD and coefficient of variation (Table IT).
The films were generally thin, therefore aesthetically satis-
factory and more acceptable (34).

It is important here to denote that the results of
determination of film thickness as well as drug content
indicate that the process employed to prepare the films was
suitable, reproducible, and capable of producing films with
minimal variability.

Determination of Moisture Uptake Capacity

Table II shows the percent moisture uptake capacity of
monolithic films. The moisture uptake of the films was
generally low; this will help the films to remain stable and
protect them from microbial contamination. Generally, the
moisture uptake capacity of films increases with increasing
hydrophilicity of the polymer or plasticizer and the amount of
hydrophilic polymers as well. Within single polymeric films,
chitosan showed the highest capacity; this may be due to its
intrinsic more hygroscopic nature compared to Eudragits® in
addition to the presence of glycerin, which can absorb
moisture from environment because of its humectant proper-
ties, as film plasticizer. Also, the presence of lactic acid can
play an important role.

Considering the Eudragits®, moisture uptake capacity
was in the following order RL > RS > NE. These Eudragits®
are acrylic and methacrylic acid esters with some hydrophilic
properties due to the presence of quaternary ammonium
groups where RL possesses a higher amount of such groups
(35). The presence of PEG in RL and RS films renders them
more hydrophilic, favoring more water absorbing into their
films than NE film. PEG, and glycerin as well, are water-
soluble, so they can easily penetrate the film structure since
they have many hydroxyl groups on their skeleton. Another
explanation is that with the addition of PEG 400 or glycerin,
the network may become less dense because of an increase in
the mobility of the polymeric chains and in the free volume
between the chains, causing the polymer network to relax.
The consequences of the plasticizing action are favorable to

the adsorption and absorption of water molecules to the film
(13). This pore former is an effective tool in increasing the
film’s permeability, which might be explained by an increase
in film porosity. It was therefore expected that the moisture
uptake capacity of the composite film will be in the following
order ES > E6 > E4.

Mixing of chitosan with Eudragits® has generally
decreased the moisture uptake capacity, with the composite
films showing a desirable low uptake capacity, E4 attaining
the lowest. Statistical analysis is shown in Table II.

Determination of Moisture Content of Monolithic Films

Table II shows that increasing hydrophilic components
forming the films was accompanied by an increase in moisture
content. The moisture content was generally low, a desirable
property which could help the formulation to maintain its
stability, reduce brittleness during long-term storage, decrease
susceptibility to microbial contamination, and reduce bulki-
ness, therefore facilitating handling. Generally, chitosan, may
be due to its higher hydrophilicity together with the presence
of glycerin as plasticizer, showed a higher moisture content
than Eudragits®. The composite films had a moisture content
which is more or less as low as the Eudragits®, with E4
showing the lowest. Statistical analysis is shown in Table II.

Swelling and Water Uptake Studies

The study of the hydration of polymers used in
sustained-release applications has been an area of interest
because it is believed that it affects drug release from
controlled-release matrix (36). The consequence of water
uptake could be the formation of empty spaces within the film
matrix that could make its structure less resistant to
mechanical stresses (37).

The results of swelling of single-polymer films are listed
in Table III; all attained maximum swelling after 4 min of the
beginning of the experiment. Chitosan film showed the
highest water uptake capacity (MSI=709.69% +40.15); chito-
san is a hydrophilic polymer, of which NH, and OH groups
have the ability to interact with water molecules (38). Also,
the swelling of chitosan may be favored by the presence of
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Table III. Swelling of the Monolithic Matrix Films

% Swelling index

Time (min) Chitosan film Eudragit® NE 30D Eudragit® RL PO Eudragit® RS PO E4 ES E6
1 588.00+33.26 92.51+2.62 92.51+13.08 128.61+16.37 96.20+1.36  730.59+102.99  456.53+36.15
2 588.70+33.30 107.14+3.03 138.67+19.61 133.27+16.96 121.61+1.72  746.58+104.99  493.95+39.12
3 681.20+38.53 109.18+3.09 149.19+21.10 142.43+19.75 131.71+1.86  817.35+114.44  556.84+44.10
4 709.69+40.15 115.01+3.25° 260.76+36.88" 155.14+19.63  150.13+2.12°  839.27+117.50° 604.01+47.84
5 700.69+39.64 110.04+3.11 181.06+25.61 154.22+15.85 110.52+1.56  653.42+91.48  660.61+52.32¢
10 662.28+37.46 109.53+3.10 139.62+19.75 124.49+13.69 97.16+1.37  599.54+83.94  572.56+45.34
15 660.32+37.53 97.67+2.76 97.67+13.81 107.59+12.65 93.51+1.32  560.73+78.51  548.98+43.48
30 - 85.43+2.42 85.43+12.08 99.38+11.15 77.50+1.10  420.09+58.82  493.95+39.12
60 - 75.87+2.15 75.87+10.73 87.64+18.13 62.30+0.88  360.73+50.50  —
120 - 72.68+2.06 72.68+10.28 84.17+10.71 45.72+0.65  315.07+4411 -
180 - 69.49+1.97 69.49+9.83 84.17+10.71 26.53+0.38  269.41+37.72 -

Each value represents the mean of three experiments+SD
“Significant difference (p<0.01) compared to chitosan

b Non-significant difference (p>0.05) compared to Eudragit® NE film

¢ Significant difference (p<0.01) compared to Eudragit® RL film
4 Significant difference (p<0.01) compared to Eudragit® RS film

lactic acid used as solvent for chitosan and glycerin used as
plasticizer (55). Visual observations indicated that chitosan
matrix swelled greatly and has been highly expanded in size
from the beginning; therefore, it begins to dissolve and
fragment after 15 min.

Having more ammonium groups, the RL type showed
more pronounced swelling (260.76% +36.88) than RS
(155.14%+19.63) and NE (115.01% +3.25) types. The films
maintain their integrity until end of the experiment, but RL
film has expanded in size, whereas RS and NE films did not
show such an expansion. The larger extent of water uptake of
RL and RS compared to NE may be also due to the
incorporation of PEG 400, a hydrophilic species, as plasticizer
in RL and RS films.

The results of swelling of chitosan-Eudragit® composite
films are shown in Table III. E4 and ES films showed
maximum swelling index after 4 min, while E6 showed
maximum swelling index after 5 min and began to disinte-
grate after 30 min. As expected from previous results, ES
showed the highest degree of swelling (MSI=839.27% +
117.50); this may be due to the hydrophilic nature of
Eudragit® RL. Statistical analysis is shown in Table III.

Mechanical Properties Study

Mechanical properties are determined to characterize
polymeric films for their abrasion resistance and elasticity or
flexibility (24). Suitable films for intended application as
transdermal drug delivery systems must be flexible enough to
follow the movements of the skin without breaking, but at the
same time, they must show an increased strength to prevent
abrasion of the film caused for example by contact with
clothing. Also, sufficient strength and flexibility is necessary
so as not to crack or to be rubbed off during the wearing
period and to be easily removed by peeling. Selection of the
suitable plasticizer for the bioadhesive films has a profound
influence on the mechanical properties (39).

Data presented in Table IV show that chitosan film
exhibited excellent flexibility (percent elongation at break=

220.00+21.78) and attained a markedly high energy at break
(17.60+1.49 N/mm?), but unfortunately, it was not strong
enough (TS=0.008+0.000 N/mm?) to withstand abrasion and
rupture. Eudragit® films showed acceptable strength and
acceptable elasticity, and NE film had the lowest strength
(0.032+0.001 N/mm?®) but the greatest elasticity (percent
elongation=200.00+19.80).

The binary blending of different polymers can have an
obvious impact on the mechanical pattern of the resultant
films. These phenomena might be attributed to the geometric
packing of the polymer particles during film formation (18);
in polymeric dispersions with bimodal size distributions, the
ratio of volume of the small particles to the volume of the
large particles strongly affects the extent to which inter-
particle voids are created during film formation. Mechanical
properties can be improved by the improvement of polymer
particles packing (with few voids). Chitosan-Eudragit®
mixed films were almost ideal from the mechanical point of
view. The films showed satisfactory strength, toughness,
softness, and flexibility, with E4 film showing the most
optimized properties. These results run in parallel with those
previously reported by Wittaya-areekul et al. (27) concerning
the inclusion of Eudragit® RS in chitosan films. Statistical
analysis is shown in Table I'V.

pH Measurement

For a dermatological preparation to be safe and non-
irritant, its pH must be between 4 and 7 (40,57). The pH of
the prepared film-forming polymeric solution was in the
range of 4.2-6.8 (Table II), which is a desirable property.

FTIR Study

Interactions between drug and excipients play a vital role
with respect to the physicochemical properties and perfor-
mance of a certain formulation. In this study, Fourier
transformation infrared spectroscopy (FTIR) techniques have
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Table IV. Mechanical Properties of Monolithic Matrix Films

Film Force (N)+SD Tensile strength (N/mm?)+SD % Elongation at break+SD Energy at break (N/mm?)+SD
Chitosan 4.00+0.45 0.008+0.00 220.00+12.45 17.60+1.64
Eudragit® NE 30D 12.70+1.44 0.032+0.00" 200.00+11.31° 3.53+0.33¢
Eudragit® RL PO 13.50+1.53 0.034+0.00" 187.50+10.61° 5.06+0.47¢
Eudragit® RS PO 14.00+1.58 0.035+0.00° 180.00+10.18° 6.30+0.59¢
E4 film 6.40+0.72 0.013+0.000° 200.00+11.317 18.29£1.71¢
ES film 6.00+0.68 0.012+0.000/ 190.00+10.75% 17.54+1.647
E6 film 6.40+0.72 0.013+0.001% 184.00+10.41" 17.84+1.67¢

Each value represents the mean of three experiments+SD
“Significant difference (p<0.001) compared to chitosan film

b Non-significant difference (p>0.05) compared to chitosan film

¢ Significant difference (p<0.001) compared to Eudragit NE film
Significant difference (p<0.001) compared to Eudragit RL film

¢ Significant difference (p<0.001) compared to Eudragit RS film
#Non-significant difference (p>0.05) compared to Eudragit NE film
8 Non-significant difference (p>0.05) compared to Eudragit RL film
}_'Non—signiﬁcant difference (p>0.05) compared to Eudragit RS film
‘ Significant difference (p<0.05) compared to Eudragit NE film
/Significant difference (p<0.05) compared to Eudragit RL film

k Significant difference (p<0.05) compared to Eudragit RS film

been used to investigate any physical and chemical interaction
(41) between the drug and the polymers used (Figs. 1 and 2).

Figure 1a shows the IR spectrum of tramadol hydrochlo-
ride. The principal well-defined peaks appeared at
3,306.20 cm ! for the OH group, 3,062.68 cm ! for the =CH
of the aromatic ring, and 2,929.46 cm ' for the —CH
stretching. An obvious characteristic fingerprint appeared in
the region 1,500—400 cm ™.

The IR spectrum of chitosan (Fig. 1b) shows an absorption
spectrum at 1,650.38 cm ™' assigned to the NH, of amide group
and another at 1,736.68 cm™ ! due to stretching vibration of C=0O
of the amide group. At 3,397.71 cm !, there appears a broad
peak caused by O—H and N-H symmetrical vibration. The peak
noticed at 2,940.42 cm " is assigned to C—H stretching. Peaks at
the 1,200- to 1,000-cm ! region are assigned to polysaccharide
structure. In the case of the medicated film (Fig. 1c), an
absorption band appeared at 3,380.31 cm™! and another at
1,598.93 cm ™ '; this shift may be due to H bonding between T and
chitosan. Another peak appeared at 2,940.42 cm ' attributed to
C-H vibrational stretching. Also, an absorption band due to
C=0 appeared at 1,737.50 cm ™.

Figure 1d shows the IR spectrum of Eudragit® NE30D
film. The absorption band of the carbonyl group appeared at
1,739.78 cm ™!, while that of CH group at 2,924.80 cm . While
in the spectrum of the medicated film (Fig. 1e) the absorption
band of O-H group of T appeared shifted to 3,441.32 cm ™! as
a consequence of formation of H bonds with carbonyl group
of Eudragit, this also can be the cause of the morphological
change of C=0 band appearing at 1,740.64 cm ™.

Figure 1f, g shows the IR spectrum of Eudragit® RLPO
and the medicated film, respectively. The C=O stretching
absorption band appeared at 1,731.74 and 1,729.84 cm ™' in the
case of the former and the latter, respectively, while the C-H
stretching appeared at 2,951.22 and 2,947.72 cm *, respectively.
The O-H stretching of T shifted to 3,406.66 cm ! as a result of
the hydrogen bonding taking place between the ester group
of the polymer and the hydroxyl group of the drug.

Figure 1h shows the IR spectrum of Eudragit® RSPO
polymer; the absorption band of carbonyl group stretching
appeared at 1,730.97 cm ' and the C-H stretching appeared

at 2,952.88 cm ', The spectrum of the medicated film (Fig. 1i)
showed a broad band at 3,391.03 cm ™ assigned to O-H
stretching of T; the C=O stretching band was noticed at
1,740.73 cm'. The displacement occurring in these peaks
may originate from the hydrogen bonding taking place
between C=0O of the ester group of the polymer and the
hydroxyl group of the drug. Also, C-H stretching band
appeared at 2,875.62 cm .

Figure 2b, ¢ shows the IR spectrum of mixed chitosan—
NE unmedicated and medicated films, respectively. In the
spectrum of the former, the broad peak caused by O-H and
N-H symmetrical vibration in the molecule of chitosan
shifted from 3,397.71 to 3,431.99 cm™!; this may be due to
the H bonds formation with the ester group of Eudragit®.
The vibrational band of NH, of amide group of chitosan was
noticed at 1,626.06 cm™! shifted from 1,650.38 cm™*, and the
stretching band of C=O group appeared at 1,736.39 cm™ ..
This displacement may confirm the hydrogen bonding with
NE molecules. In the spectrum of E4 medicated film, the
morphological as well as the positional change (from 3,431.99
to 3,346.74 cm ') in the broad peak assigned to O-H and N-
H vibration may indicate a disruption of the some of the
intermolecular interactions between the chains of the two
polymers and the formation of new bonds with T molecules.
This hypothesis is also supported by similar changes taking
place in the band assigned to NH, of amide group which
appeared at 1,581.85 cm' shifted from 1,626.09 cm ', in
addition to similar change occurring to the C=0 stretching
band which appeared at 1,724.61 shifted from 1,736.39 cm L
All these statements may confirm T polymer(s) linking.

Figure 2d, e shows the IR spectrum of mixed chitosan—
RL unmedicated and medicated films, respectively. The
broad peak assigned to O-H and N-H vibration appeared
at 3,426.05 cm™* shifted from 3,397.71 cm . This may prove
the breakage of intra-polymeric link between chitosan chains
and the formation of new chitosan—RL inter-polymeric
association precisely between the COO groups of Eudragit
and NH, (and/or OH) groups of chitosan molecules. As well,
the vibrational bands of NH, of amide and C=O groups
attributed a change in shape and position; the bands appeared
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Fig. 1. FTIR spectrum of (a) Tramadol HCL, (b) chitosan polymer,

and (¢) medicated chitosan film, (d) NE film, (e) medicated NE film,

(f) RL polymer, (g) medicated RL film, (h) RS polymer and (i)

medicated RS film

at 1,620.85 and 1,738.69 cm ', respectively. Similar changes
were noticed for the vibrational bands of the considered
groups in the IR spectrum of the medicated film; this may
evidence the hydrogen bonding between T and chitosan—-RL
polymeric network. The O-H and N-H vibration band
appeared shifted to 3,431.20 cm !, and the stretching bands
of NH, and C=0 of amide groups were shifted to 1,603.36
and 1,735.85 cm ™, respectively.

Figure 2f, g shows the IR spectrum of mixed chitosan—RS
unmedicated and medicated films, respectively. As reported
previously, the IR spectrum of E6 unmedicated film is showing
band changes which may confirm polymer—polymer interac-
tions. The O-H and N-H groups of chitosan showed the
stretching vibrational band shifted to 3,426.16 cm !, while the
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peaks shifted to 1,744.78 and 1,624.25 cm ™! were assigned to
the carbonyl and amino functions, respectively. The IR
spectrum of medicated E6 film followed the same trend of
other chitosan—-Eudragit mixed films and showed spectrum
changes suggesting drug—polymers interactions. The most
interesting bands were noticed at 3,422.69, 1,737.52, and
1,646.14 cm ™! and showed both positional and morphological
changes when compared to their corresponding bands in the IR
spectrum of the unmedicated film. Considering the greater
wavenumber shift noticed in the two latter bands, it is suggested
that most drug—polymers interactions occurred with the amide
function of chitosan and the ester function of Eudragit more
than with the OH and NH, groups of glucosamine; this may be
due to a certain molecular arrangement and physical
entanglement of the polymeric chains within the formed IPN.

It can be concluded that changes noticed in the spectra in
the range of 1,400-3,500 cm ' indicated the polymer—polymer
or drug—polymer(s) interactions which varied from weak to
high intensity along the different polymeric systems under
investigation.
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In vitro Release Studies

The assessment of the release properties of TDS
represents an important test for its pharmaceutical perfor-
mance (42). The release experiment was carried out accord-
ing to the FDA method (43). The cumulative amount of drug
released was plotted versus time (Fig. 3) and release
parameters were computed; these comprise:

— Cumulative drug amount released at 5 hours % (% Q5)
— Release efficiency (RE) (44)
— Mean release time (MRT) (45)

The MRT is a measure of the release or dissolution rate;
the higher the MRT, the slower is the release rate.

— Too dissolution time (Tygg) (46)

It is the expected time to achieve 100 % drug release and
was calculated using linear regression analysis.

- Diffusion coefficient (D) (47)

The MRT and RE are model-independent approaches
which allow the translation of the profiles differences into a
single value (47).

The kinetics of tramadol release was determined by
finding the best fit of the dissolution data (drug-released
fraction versus time) to distinct models: zero-order, first-
order, and Higuchi. Furthermore, the Korsmeyer—Peppas
semi-empirical model was applied (48,49):

0,/ Qo0 = K ()

where Q,/Qcc is the fraction of drug released at time #; k a
characteristic constant comprising the structural and geomet-
ric characteristics of the dosage form, and n the release
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exponent, a parameter which depends on the release
mechanism and is thus used to characterize it. This model is
generally used to analyze the release when its mechanism is
not well known or when more than one type of release
phenomena are involved (50).

The initially rapid drug release from chitosan film
reflected in the values of MRT, RE %, and Tq, (Table V)
may be explained by the rapid dissolution of the drug
particles on the external surface of the device together with
the cationic nature of both the drug and the polymer which
can stimulate the fast diffusion of the drug out of the
polymeric matrix, then the following slowing down of the
release may be attributed to the decrease of 7 amount in
the device and its slow diffusion through the polymeric matrix
which become highly swelled a few minutes after the contact
with the dissolution medium. Some previous studies have
reported that the capacity of the polymer to swell is inversely
related to release rate due to increasing the diffusional path
length for drug molecules by swellable polymers (51). The
release kinetics of chitosan film was not calculated because of
the burst effect and fast release of the drug.

Considering the release parameters of Eudragit® matrix
unilaminated films (Table V), RL type showed the fastest
release compared to RS and NE types. This is explained by the
more hydrophilic properties of RL regarding the presence of
more ammonium groups in its structure (35), as previously
explained in swelling experiments, in addition to the large cavity
size in RL polymeric network. This can allow faster mode drug
diffusion and may account for the higher permeability of RL
type (31,52). Also, the repulsion between the cationic ammoni-
um groups of RL or RS and that of 7 can have an accelerating
effect on drug release from the polymeric matrix. All Eudragit®
types followed square root of time law (Higuchi) kinetics
(Table VI) where the main mechanism of drug release is Fickian
diffusion, which is the predominating mechanism in case of water-
insoluble polymeric systems, and the rate of drug release was
found to be 0.2385, 1.3030, and 0.6053 mg/mjn”2 for NE, RL and
RS, respectively (Table VI). In the case of RL film, Korsmeyer—
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Fig. 3. Release profiles of tramadol HCI from monolithic matrix films



16 Ammar, Ghorab, El-Nahhas, Kamel
Table V. Release of Tramadol HCL from the Monolithic Matrix Films
Cumulative amount released (mg)+SD

Time (min) NE 30D RL PO RS PO Chitosan E4 ES5 E6
10 0.90£0.00 5.33+0.15 4.00+0.06  8.67+0.07 5.33+0.16 6.67+0.08 6.33+0.19
20 1.06+0.00 7.03+0.20 4.69+0.07  9.54+0.08 5.86+0.17 8.03+0.10 8.03+0.17
30 1.21+0.00 8.40+0.24 5.04+0.07  9.76+0.08 6.22+0.19 9.24+0.12 8.24+0.17
45 1.52+0.00 9.94+0.28 6.40+0.09  9.81+0.08 6.75+0.22 10.12£0.16 8.45+0.19
60 1.98+0.01 10.15+0.43 6.93+0.10  9.85+0.08 7.29+0.22 10.17+0.16 8.65+0.18
120 2.59+0.01 10.04+0.43 8.80+0.25  10.07+0.11 8.49+0.25 10.05+0.16 9.36+0.20
180 3.05+0.02 10.09+0.43 10.01+0.30  9.95+0.11 9.20+0.29 10.10+0.23 10.08+0.24
240 3.67+0.05 9.97+0.42 10.06+£0.43  10.00+0.11 10.24+0.30 10.15+0.30 10.29+0.22
300 4.29+0.06 10.02+0.57 10.11+£0.43  10.05+0.11 10.29+0.35 10.20+0.21 10.34+0.22
% Qs+SD 42.88+0.55° 100.16+5.67° 101.09+4.29” 100.48+1.14  102.93+£3.49°  102.00+2.14"  103.42+2.17%
% RE+SD 27.28+ 0.23¢ 95.68+ 4.17° 84.72+1.76° 97.47+1.03 85.86+3.26" 97.33+2.06° 93.06+2.06/
MRT=+SD (min) 109.10+ 0.81¢ 13.43+4.17° 48.59+2.91¢  9.07+0.23 52.36+0.81" 13.73+2.43 30.03+0.28
T1oo (min) 1756.68" 45.44¢ 171.95¢ 99.14 241.98" 41.64° 171.52¢
Diffusion coefficient (cm*min) 1.78x107° 532x107* 1.15%x107* - 424x107° 3.08x107* 1.59%x107°

Each value represents the mean+SD (n=3)

“Significant difference (p<0.001) compared to chitosan film
b Non-significant difference (p>0.05) compared to chitosan
¢ Significant difference (p<0.05) compared to chitosan film
4 Significant difference (p<0.01) compared to chitosan film
¢ Significant difference (p<0.001) compared to NE film
’Non-significant difference (p>0.05) compared to RL film
8 Non-significant difference (p>0.05) compared to RS film
" Significant difference (p<0.001) compared to NE
Non-significant difference (p>0.05) compared to RL film
/ Significant difference (p<0.05) compared to RS

Peppas equation was not applicable due to the fast drug release,
while in the case of NE type, the value of n (0.4771) assures the
diffusion-dependent release of tramadol. Such Higuchi kinetics
has been already shown for some other drugs released from
Eudragit® patches (52).

The release from NE film was too slow, and the expected
calculated time for complete drug release was enormous
(1,756.68 min.) compared to RL and RS types. In addition to
the least hydrophilic properties and permeability of NE
compared to RL and RS types (31), and of course chitosan,
its larger thickness and the absence of plasticizer may be
other factors contributing to it. Previous studies have shown
that the thinner the matrix thickness, the faster was the
release (39). Owing to the hydrophobic properties of NE
compared to RL and RS, water could not deeply and freely
penetrate the patch, so only the fraction of the drug near the

external surface can be easily released to the dissolution
medium (53). Also, PEG 400 was incorporated in RL and RS
films, but not NE film (according to Rohm Pharma specifica-
tion) which has the ability to form good films without the
need of plasticizer. The softening of the polymeric matrix by
the plasticizer can have an impact on drug release. Leaching
of PEG from the films to the dissolution medium may lead to
the formation of small pores facilitating drug release (39).
Some studies are undertaken to improve drug permeability
through formation of pores using hydrophilic additives.
Hydrophilic additives increase the permeability of hydropho-
bic films by several mechanisms. For example, polyethylene
glycol can erode and dissolve in the release medium and thus
create pores in the film (13).

Polymethacrylates can be used as antinucleating agents
which can interact with the active ingredient and effectively

Table VI. Release Kinetics of Tramadol HCL from Monolithic Matrix Films

Zero order Higuchi order First order Korsmeyer—Peppas
Formula Rate R? Rate R? Rate R K n R’
NE 30D 0.0124 0.9388 0.2385 0.9938 0.0022 0.8940 0.0265 0.4771 0.9837
RL PO 0.1304 0.9858 1.3030 0.9998 0.0076 0.9552 - - -
RS PO 0.0349 0.9464 0.6053 0.9908 0.0022 0.8800 0.1980 0.2940 0.9200
Chitosan - - - - - - - - -
Ch-NE 30D (E4) 0.0172 0.9378 0.3678 0.9902 0.0010 0.8975 0.3710 0.1544 0.9910
Ch-RL PO (ES) 0.0985 0.9608 0.9917 0.9902 0.0051 0.9372 - - -
Ch-RS PO (E6) 0.0125 0.9968 0.2255 0.9928 0.0006 0.9929 - - -

Zero-order rate = mg/min, first-order rate = mg/min, Higuchi rate = mg/min’?, Korsmeyer—Peppas rate = mg/min”



Polymeric Matrix System for Prolonged Delivery of Tramadol

prevent collision of drug molecules and the subsequent forma-
tion of nuclei which lead to the thermodynamic instability (54).
However, sometimes, crystallization inhibitors can reduce the
active ingredient diffusivity in the matrix, which could bring a
reduction of drug release; this may be the case of NE type.
Release data of tramadol from Eudragit-chitosan mixed
matrix films run as expected from release studies concerning
single-polymer films (Table V). E4 was the slowest and ES
was the fastest. As RL contains more quaternary ammonium
substitution, which makes it more hydrophilic, and water can
penetrate more freely into RL than RS as previously noticed
in swelling studies, therefore faster release was attained by E5
film. The release results run more or less in accordance with
film thickness (Table IT); as previously listed, the release rate
is generally inversely related to film thickness (39,53).
Mixing of chitosan with Eudragit has almost accelerated
the release of 7 from Eudragit films especially in the case of
NE type. This may be due to physical links taking place
between chitosan and Eudragit (as proved in IR study),
allowing the liberation of free 7" from the polymeric matrix.
The same amount of the same plasticizer (glycerin) was used
for all of them; differences in drug release can be attributed to
drug-polymer(s), polymer—polymer, and polymer—plasticizer
interactions in addition to what is listed before concerning
intrinsic polymer properties. The additional presence (com-
pared to NE film) of a water-soluble plasticizer, glycerin,
which can easily penetrate E4 film structure, renders the film
more hydrophilic, favoring more water absorption into the
polymer, which may have a positive impact on drug release.
Another interpretation of the faster drug release from E4
than from NE film is that the addition of the plasticizer may
therefore allow for easier drug diffusion (13). The observed
release pattern showing a high release rate at the beginning
which then monotonically decreased with time is a typical
behavior for diffusion-controlled drug delivery system. With
increasing time, the length of the diffusion pathway increases;
thus, the concentration gradient which is the driving force for
diffusion decreases and, consequently, the drug release rate
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decreases. This phenomenon can be well explained by Fick’s
second law of diffusion (55). The E4 release pattern seems to
be the targeted one, achieving a combined rapid and
prolonged drug release. Statistical analysis of different release
parameters is listed in Table V.

Korsmeyer—Peppas mathematical model was only appli-
cable in case of E4, and diffusion-controlled release can be
detected (n=0.1544; Table VI). The Higuchian release rate was
equal to 0.3678 mg/minm; also, ES followed Higuchi square
root of time model, and the release rate was 0.9917 mg/min” 2,
while in the case of E6, zero order yielded best fitting.

Ex vivo permeation studies

The data, expressed as cumulative amount of drug perme-
ated as a function of time (Fig. 4), were fitted to the equation of
Fick’s second law of diffusion (56). As most formulations
attained almost complete drug permeation at 24 h, the
cumulative amount of drug permeated % at 5 h (% Qs) was
calculated to compare between different formulae. Also, the
steady-state flux (/), the lag time (77), the diffusion coefficient
(D), the partition coefficient (K), the permeability coefficient
(P), and the permeation efficiency (PE) were calculated (57,58).

In the current work, the thickness of the skin was found
to be 300+50 pm.

Itis actually difficult to precise the accurate diffusional path
length (L) of a molecule through the skin due to tortuosity of the
route and the repeated partitioning and diffusion across the
structured bilayers of the skin; therefore, the diffusion and
partition coefficients have been normalized. The partition
parameter or normalized partition coefficient (K apparent=KL)
reflects the distribution of the drug between the skin and the
donor phase, while the diffusion parameter or diffusivity or
normalized diffusion coefficient (DapparCm:D/Lz) reflects the
mobility of the drug in the skin (59). The permeability
coefficient is equal to the product of KL and D/L>.

Permeation data are listed in Tables VII and VIII. The
data correlate with the in vitro release results. Chitosan film
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Fig. 4. Permeation profiles of tramadol HCI from monolithic matrix films
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Table VII. Permeation of Tramadol HCL from the Monolithic Matrix Films

Cumulative amount released (mg)+SD

Time (min) NE 30D RL PO RS PO Chitosan E4 ES E6

1 1.54x0.07  3.82+0.12 350+0.16  3.80+0.64  2.46x031  2.66+0.19  2.48+0.22
2 2.05+0.09  4.93+0.15 4624021  511x0.87  3.68+0.99  4.51x032  3.48+0.43
3 2724012 6.19+0.19 5.77+026  6.53+1.11 484+1.30 564040  5.30+0.65
4 320+0.14  7.90+0.25 7.05+£032  8.08x1.71  546x1.62  6.90+098  6.99+0.86
5 3.90+0.17  8.73+0.27 7.97+037  8.99+1.91 6.63+1.97  861+122  8.43+1.04
24 5424023 10.04+0.31 10.03+0.46 10.03£2.13  10.05£2.99  10.14x1.43  10.09+1.24
Qs % 39.03+1.66" 87.31£2.72°  79.70+3.65° 89.93+19.08 66.27+19.68¢ 86.12+12.18% 84.27+10.37'
PE % 4171£1.77"  85.63+2.68"  81.65+3.74° 86.97+18.18 74.242+21.777 84.22+11.53° 82.64+10.13
Flux (mg/cm?h) 0.118+0.00"  0.256+0.01°  0.227+0.01° 0.267+0.07  0.202+0.08° 0.286+0.05° 0.308+0.04'
P (cm/h) 0.012+0.00"  0.026+0.00°  0.023+0.00° 0.027+0.01  0.020+0.01¢  0.029+0.01¥  0.031+0.00°
Ty (h) 0.072¢ 0.022¢ 0.011° 0.030 0.074 0.205" 0.356"
Diffusion coefficient Dx10™* (cm*/h) 22.388° 68.182° 136.364° 50.000 20.270° 7317" 4.213%
Partition coefficient K 0.158" 0.113¢ 0.050° 0.160 0.2997 1.172" 2.193%

D apparent (h™') 2.488¢ 7.576¢ 15.152¢ 5.556 2.252¢ 0.813" 0.468"

K apparent (cm) 0.005¢ 0.003¢ 0.002¢ 0.004 0.009¢ 0.035" 0.066"

Each value represents the mean+SD (n=3)
“Significant difference (p<0.001) compared to chitosan
b Non-significant difference (p>0.05) compared to chitosan
¢Significant difference (p<0.05) compared to chitosan
4 Significant difference (p<0.001) compared to NE

¢ Significant difference (p<0.05) compared to NE
fNon-significant difference (p>0.05) compared to NE
8 Non-significant difference (p<0.05) compared to RL
" Significant difference (p<0.001) compared to RL

' Significant difference (p<0.05) compared to RS
/Non-significant difference (p>0.05) compared to RS

k Significant difference (p<0.001) compared to RS

showed the most rapid drug skin permeation and followed
zero-order kinetics showing a membrane-dependent perme-
ation. The initial quick diffusion across the skin (burst effect)
would be beneficial, as it would help achieve the therapeutic
plasma concentration of the drug in minimum time and the
constant permeation later on would then provide a sustained
and controlled release of the drug. Burst effect might be due
to initial migration of the drug towards the surface of the
matrix and, hence, the surface of the skin and the high
concentration gradient which is the main driving force.

As expected from release results and noticed from
permeation data listed in Table VII, Eudragit® NE type
showed the slowest drug permeation profile due to intrinsic
properties in addition to the absence of plasticizer. PEG is a
hydrophilic compound capable of increasing transdermal flux
(60); however, its use as plasticizer for RL and RS films may
be one of the reasons for the lower permeation noticed
compared to chitosan film. Some previous studies have
ranked the permeability enhancement effect of PEG 400 to
be lower than some other plasticizers (22). Also, polymetha-
crylates can be used as antinucleating agents (54); however,
sometimes, they can reduce the active ingredient diffusivity in
the matrix, which could bring a decrease of the drug amount
permeated through the skin; this may be the case of NE type.
As expected, the permeation of tramadol from RL type was
faster than from RS type. The amphiphilic properties of
Eudragits may facilitate partitioning within different skin
layers; this may be reflected in the relatively high values of D
(Table VII). Diffusion through skin was the rate-determining
step for the permeation of tramadol from Eudragit films; this

was detected from the best fitting of the permeation data to
zero-order kinetics (Table VIII).

The formation of IPN in mixed polymers system and the
alteration of cross-linking between polymeric chains together
with the modulation of structural and conformational
arrangements of polymers provoke different release and
permeation profiles.

Considering the permeation data and its statistical
analysis listed in Table VII, it is obvious that E4 film showed
a desired sustained, yet rapid enough, profile, while ES and
E6 showed an initial burst effect; the initial drug amount
permeated % during the first 5 h was 66.27+19.68, 86.12+
12.18, and 84.27+10.37, respectively. These results were
expected from previous studies comprising water uptake
capacity and drug release properties from single Eudragit

Table VIII. Permeation Kinetics of Tramadol HCL from Monolithic
Matrix Films

Correlation coefficient

Formula Zero order Higuchi order 1st order
NE 30D film 0.9969 0.9779 0.9864
RL PO film 0.9910 0.9767 0.9823
RS PO film 0.9980 0.9881 0.9818
Chitosan 0.9946 0.9889 0.9745
E4 0.9899 0.9912 0.9519
E5 0.9930 0.9854 0.9507
E6 0.9932 0.9684 0.9819
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films (NE, RL, or RS) or composite chitosan-Eudragit films.
These prove the importance of preliminary swelling and
release studies and showed that the first phenomena occur-
ring after patch application on skin will have a profound
impact on topical and systemic drug delivery.

It is noticed that E5 and E6 films permeation profiles
showed a linear relationship during steady-state flux between
the cumulative amount permeated and time demonstrating a
zero-order permeation model. This clearly indicates a skin-
dependent permeation which is strongly controlled by the
stratum corneum diffusion process, while the permeation
profile of E4 film showed the most linear relationship between
the cumulative amount permeated and the square root of time
(Table VIII), demonstrating a device-controlled transdermal
delivery depending mainly on the system design rather than
the skin barrier, which may allow for a more consistent and
programmed drug delivery. In the case of ES and E6 as well as
chitosan film, the major resistance to tramadol transdermal
delivery resides in the skin, more precisely, the stratum
corneum; hence, the clinical performance may depend on the
site of application as well as the system design. It is therefore
necessary to properly determine the site of application to
guarantee a uniform consistent drug delivery (61). These
results also demonstrate the possibility of obtaining different
drug delivery profiles and mechanisms by simply mixing
different polymers together according to a preplanned system.

CONCLUSION

The inclusion of two polymers in the innovative films has
resulted in particularly interesting findings because an
appropriately high transdermal flux in the early times of
patch application was obtained, suggesting a quick onset of
the relevant plasma levels, followed by an extended release
profile which can guarantee the long-lasting analgesia.
Chitosan-Eudragit® NE 30D (1:1) mixed monolithic film
attained the most desirable profile and compromised physi-
cochemical properties as well. These encouraging preliminary
results have generated an enthusiasm which pushed us to
achieve further biological and pharmacological evaluations
(which will be presented in a complementary research paper).
The current study can have positive contribution in the world
of pain fighting and management by offering an around-the-
clock analgesia with the use of lesser medications together
with a favorable safety profile.
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