Drug Development and Industrial Pharmacy, 25(8), 897-904 (1999)

RESEARCH PAPER

Development of a ‘*Continuous-Flow
Adhesion Cell’’ for the Assessment
of Hydrogel Adhesion

A. M. Le Ray,** P. looss,! A. Gouyette,! V. Vonarx,?
T. Patrice,? and C. Merle!

L aboratoire de Pharmacie Galénique, Faculté de Pharmacie, 1 rue
Gaston Veil, 44035 Nantes, France
2CHU de Nantes, Département Laser, 44093 Nantes Cédex 1, France

ABSTRACT

The purpose of this study wasto develop an in vitro perfusion technique or ** continu-
ous-flow adhesion cell’’ model to predict the in vivo performances of different
mucoadhesive drug delivery systems based on hydrogels. Two studies were per-
formed, either using a rabbit small intestine or a polyethylene surface; the adhesion
of four gels—two poly(acrylic acid)s (PAAs) (carbomer [CM] and polycarbophil
[PC]), an ethyleneoxide-propyleneoxide block copolymer (Poloxamer® 407 [PM]),
and a polysaccharide (scleroglucane [ SG] )—were evaluated. In thisrespect, sclero-
glucane was used as a control. The adhesiveness of the different gels for both sup-
ports is in accordance with that described in the literature, that is, polycarbophil
adhered more strongly than carbomer, which itself adhered more strongly than po-
loxamer. This study proved that the gels adhere more strongly to the polyethylene
tube than to the rabbit small intestine, thus indicating that evidence for adhesion
properties does not need any presence of mucus. Therefore, our in vitro model could
be a good method, more precise and more simple than an ex vivo technique, to
predict the bioadhesion of gelified devices.

* To whom correspondence should be addressed.
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INTRODUCTION

Thiswork is a comparative study of the adhesiveness
ex vivo and in vitro of hydrogels using a dynamic ‘* con-
tinuous-flow adhesion cell’” model developed in our lab-
oratory (Fig. 1). The different methods used to predict
bioadhesion are mainly adhesion strength tests (1-12),
perfusion techniques (1,13,14), and rheological tests (1).
Among them, only perfusion techniques may assess the
duration of adhesion, and they appear as a more realistic
measurement of adhesion performances since adhesion
strength and rheological tests are indirect methods for
bioadhesion evaluation. Three types of perfusion tech-
niques are used (1): with a bed of mucus in the *‘flow
channel’”’ method, with a section of excised tissue cut
lengthwise, and with an entire segment of intestine. The
last two are so-called falling liquid film methods. We pro-
posed to develop a falling liquid film test, namely, the
continuous-flow adhesion cell method, using a rabbit
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Figure 1. Continuous-flow adhesion cell.
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small intestine or an inert polyethylene support for the
assessment of ex vivo and in vitro adhesion.

The different polymers reported as bioadhesive hy-
drogels and used in oral (15,16), nasal (12,17), topical
(18,19), rectal (11,20), ocular (19,21-25), and vaginal or
uterine applications (2,15) are essentially the poly(acrylic
acid) (PAA) polymers (15,20-22), carbomers (CMs)
(Carbopol”) (12,17,21,24,25), polycarbophil (PC) (2,
15,24), and polyoxyethylene-polyoxypropylene block
copolymer (Poloxamer®) (PM) (11,19,24). Other poly-
mers (15,21,25,26) such as hyaluronic acid, hydroxy-
propyl methylcellulose, methylcellulose, polyvinyl al-
cohol, polyethylene glycol, and sodium carboxymethyl
cellulose are used to a lessen extent, so we decided
to focus our study on the properties of carbomer, poly-
carbophil, and polyoxyethylene-polyoxypropylene block
copolymer.

The first part of this work represents an evaluation of
the tracer diffusion throughout the different color gels
tested in order to validate their further characterization
on the bioadhesive model. The second part is the study
of the polymer bioadhesion using arabbit small intestine
to compare our results with those aready described in
the literature. The third part deals with the assessment of
intrinsic adhesion using an inert support, here a polyeth-
ylene surface, to develop a simple model that could pre-
dict further in vivo bioadhesion.

EXPERIMENTAL
Materials

The following polymers were studied: Carbopol 974P
(MM 3,000,000) and Noveon” AA-1 (polycarbophil) (re-
ticulated polymer with an estimated MM of 2,000,000),
which are PAA derivative polymers (B. F. Goodrich,
Rueil-Malmaison, France); Lutrol® F127 (Poloxamer
407) (MM 12,500), an ethyleneoxide-propyleneoxide
block copolymer (BASF, Levallois-Perret, France); and
Actigum® CS 11 (scleroglucane, SG) (MM 540,000), a
polysaccharide polymer (SBI, Isle sur Sorgue, France).

Ponceau S (PS) was provided by Sigma (Saint Quentin
Falavier, France). Sodium hydroxide (NaOH) 0.1 N
(Normapur grade) was supplied by Prolabo (Paris,
France).

Gel Formulations

Each gel was prepared as follows. The polymer was
gently poured into distilled water under rotating paddle
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agitation, and the mixture was kept at room temperature
until polymer swelling was complete, except for Polox-
amer 407, which was prepared in an ice bath at 5°C ac-
cording to the cold technique previously described (18).
Ponceau Swas added as amarker substance to the gels at
a concentration of 2 mg/g. Each preparation was finaly
adjusted to pH 5.5-6 (Consort P600 pHmeter, Bioblock
Scientifique, Illkirch, France) with 0.1 N NaOH.

The different polymer concentrations in water (w/v)
for the preparation of CM, PC, SG, and PM gels were
0.5%, 1%, 1%, and 15.5%, respectively. These values
were so chosen to match closely the concentrations re-
ported in previous works dealing with the bioadhesive
properties of these polymers. Indeed, PAA has already
been used at 0.6% for ocular administration of pilocar-
pine (21,22); Carbopol 941 was administered nasally as-
sociated with insulin or calcitonin at a 0.1% or 1% con-
centration (12,17) and PM was described for ocular and
rectal applications alone or when associated with pilocar-
pine, dexamethasone, phenylephrine, indomethacine, or
sodium chloride and in concentrations varying from 10%
to 25% (11,19). In fact, agueous PM solution has the par-
ticularities of remaining liquid below 25°C and gelifying
at a minimum concentration of 20% at skin temperature
(18,20,27). In our particular case, we determined that a
15.5% concentration was suitable to induce gelation at
37°C.

The viscosity of the tested solutions was measured at
37°C. Viscosity experiments were performed with arota-
tional viscometer (Brookfield LV Viscometer, Brookfield
Engineering Laboratories, Stoughton, MA).

The PS tracer was chosen for its solubility in hy-
drogels (solubility in water 1 g in 10 to 30 ml), for eco-
nomic reasons, and to allow a simple colorimetric analyt-
ical detection.

In Vitro Ponceau S Diffusion Study

Invitro diffusion experiments were performed by dial-
ysis with distilled water (800 ml) as the dissolution me-
dium and at a constant temperature of 37°C. About 10
g of colored gel were inserted into a cellulosic dialysis
tube with a cutoff of 6000—8000 (Polylabo, Strashbourg,
France), which was then introduced into the vessel of an
EP dissolution apparatus (Sotax Dissolutest AT 6, Basel,
Switzerland) and subjected to a 75-rpm paddle rotation.
Samples were taken for 3 hr as follows: 5 ml of the
colored solutions were withdrawn and replaced with
fresh distilled water to maintain the same total volume
throughout the study. The PS concentrations of the sam-
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ples were measured using a Philips spectrophotometer
(PUB730, Philips Analytical, Cambridge, UK), operating
at A = 520 nm. All experiments were performed in tripli-
cate.

Adhesion Evaluation Test
Continuous-Flow Adhesion Cell

The adhesion cell (Fig. 1) consisted of a glass tube
(25 cm in length and 5 cm in diameter) with two 2.2-
cm diameter openings at its top and bottom. Two lateral
apertures allowed the free circulation of the thermostated
liquid. A rabbit small intestine or a flexible polyethylene
tube was introduced into the glass tube and fixed at its
upper and lower ends with a perforated rubber stopper.
This system permitted theliquid to flow through the inter-
nal tube at a desired rate.

Ex Vivo Study

For ex vivo study, the mucosal surface of a rabbit
small intestine was used to test the mucoadhesion proper-
ties of the polymers. An approximately 30-cm segment
of small intestine was removed from a rabbit and stored
in Tyrode’ s solution until use (within 4 hr after the animal
was killed). The operating procedure was as follows.
About 10 g of colored gel wereintroduced with a syringe
into the intestine. The intestinal loop was perfused with
oxygenated Tyrode' s solution (37°C) to maintain the via-
bility of the gut segment. After 10 min, the apparatus
was returned to a vertical position. A continuous flow of
distilled water (37°C) at aconstant rate of 12 ml/min was
passed through the loop using a peristaltic pump. Colored
solutions were then collected at fixed times for 3 hr. The
absorption intensities were determined spectrophotomet-
rically at A = 520 nm.

Results are expressed as the retained PS percentage
of the total amount recovered as a function of time. The
rate of PS appearance at the bottom of the cell was a
function of its cell residence time, which itself was pro-
portional to both gel adhesion and PS diffusion through-
out the gel. All studies were performed in triplicate.

In Vitro Study

A nonporous, inert, mucus-free material (polyethylene
type) was used to determine the intrinsic adhesion. The
bent flexible polyethylene tube (0.03 mm in width) was
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maintained at 37°C in water. The procedure and expres-
sion of results were the same as for the ex vivo study.

RESULTS

Gel Formulations

Viscosity results at 37°C are summarized in Table 1.
Polycarbophil viscosity was markedly higher (820,000
mPa [5) than those exhibited by the other hydrogels (5-
fold higher than PM and 10-fold higher than CM). The
viscosity of SG was found to be the lowest at 19,200
mPa [5.

In Vitro Ponceau S Diffusion Study

Figure 2 represents the PS diffusion from the polymer
devices as a function of time. These diffusions were
22.1% = 2.3% and 12.8% = 0.5% at 180 min for PC
and CM, respectively. In the case of SG or PM, tracer
release was much lower (6.3% =+ 0.2% and 4.0% = 0.6%
at 180 min, respectively).

Adhesiveness Evaluation Test
Ex Vivo Study

In this study (Fig. 3), the bioadhesion decreased from
PC to CM and then to PM. The PC had the best adhesion,
with 22.2% *+ 7.4% of PS remaining in the small intes-
tine after 180 min. After a similar time period, CM was
completely removed (at 170 min, only 0.3% = 0.6% of
the tracer till remained in the small intestine), whereas
PM showed complete removal after 45 min (0.5% =
0.3%).

In Vitro Study

Thein vitro adhesion assays showed the same profiles
as those obtained for the ex vivo study (PC > CM >
PM) (Fig. 4). The PC appeared to be the most adhesive

Table 1
Hydrogels Viscosity at 37°C

Polymer Concentration (%) Viscosity (mPa.s)
PC 1 820,000
PM 15.5 166,000
CM 0.5 85,000
SG 1 19,200

Le Ray et a.

gel since 59.2% = 9.1% of PS remained in the polyeth-
ylene tube after 3 hr. The tracer percentage was lower
for carbomer (19.3% = 5.0% at 180 min) and consider-
ably lower for other polymers. The PM adhered for 80
min, but 66.9% of PS had already been eliminated after
15 min. As expected, the control (SG) showed the poorest
adhesiveness, with 84% of PS recovered from the col-
lected solution after only 2 min. Afterward, the amount
remaining on the inner surface of the polyethylene tube
gradually decreased, giving the lowest measured concen-
tration (0.5% after 25 min).

DISCUSSION

In Vitro Ponceau S Diffusion

The diffusion of PS varies from 4.0% = 0.6% (PM)
t0 22.1% + 2.3% (PC) after 180 min. These results indi-
cate that diffusion strongly differs from one polymer to
another. This observation has already been described in
the literature (12,17,23,28-30), and the phenomenon
seems to depend on molecular mass, concentration, and
viscosity of the gels. Peppas and Sahlin (30) reported that
the rheological properties of several bioadhesive formu-
lations were correlated to the drug release rate. Asfar as
thiswork is concerned, it could be said that the diffusion
is related to the molecular mass. The higher PS diffu-
sions were observed for PC (22.1% * 2.3%) and CM
(12.8% = 0.5%), which have the greatest molecular
masses (2,000,000 and 3,000,000, respectively). The
lowest PS diffusions were observed for SG (6.3% =+
0.2%) and PM (4.0% = 0.6%), which have the lowest
molecular masses (540,000 and 12,500, respectively). As
this diffusion phenomenon could be exploited to develop
controlled delivery bioadhesive systems, it represents a
limit for atracer in the adhesiveness evaluation in further
studies. In the present work (i.e., a comparative adhesion
study of two supports, arabbit small intestine and a poly-
ethylene tube), these differences were not considered a
problem. However, for further bioadhesion characteriza-
tion, it would be preferable to follow radiolabeled poly-
mers or to dose each one with an appropriate analytical
method. A gravimetric assay could also be developed,
but our own experience very rapidly showed the limits
in sensibility of this method.

Adhesion Evaluation Test
Ex Vivo Study

The ex vivo study confirmed the higher bioadhesion of
PAA gelsasdescribed in the literature. The best adhesion
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Figure 2. Ponceau S diffusion from gels as a function of time.
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Figure 3. Ex vivo Ponceau S retained in gels as a function of time.
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Figure 4. In vitro Ponceau S retained in gels as a function of time.

property was observed with PC (over the experiment
time). The CM showed lower mucoadhesion (only for a
3-hr period), with removal of 50% of this gel after 8 min.
These results could be correlated with a previous evalua-
tion of the average residence time study in an in situ per-
fused gut segment model, which showed that PC signifi-
cantly improves mucoadhesive properties compared to
CM (31). In this work, the residence time of CM-coated
microspheres was comparable to that observed with
noncoated controls, whereas PC-coated spheres initially
showed marked bioadhesion. The mucoadhesive proper-
ties of PAAs were described previously as a result of
the interactions of their carboxylic groups with mucus
functional groups (2,32-35). In fact, the bioadhesion is
maximal at a pH less than 6 (32,34), at which most car-
boxy! groups of PAA are un-ionized and thus available
for the formation of hydrogen bonds. Above pH 6 (2,32),
hydrogen bonds disappear, and adhesion decreases. It has
also been suggested that mucoadhesion occurs by a pro-
cess of interpenetration of the mucoadhesive polymer
with the mucus gel (30,33,36).

Concerning Poloxamer 407, it has been difficult to ob-
tain reproducible adhesion results. Many of our experi-
ments were invalidated by blocking problems at the

beginning of or during the study. Thiscould be the conse-
guence of anincrease in both PM concentration and tem-
perature. It has been reported (11,19,37) that above a
10% (w/v) concentration, within a 35°C to 45°C temper-
ature range, both mean micellar size and polydispersity
may be augmented, thus inducing the gel formation by
the way of aggregation between the micelles. This has a
conseguence on the gel flowability. The polymer-water
mixture obeys Newton’s law above the sol-gel transition
temperature, whereas non-Newtonian behavior appears
after gel formation. Theinfluence of the temperature may
be related to the chemical structure of PM: a central hy-
drophobic nucleus (polyoxypropylene) surrounded by
hydrophilic sequences (polyoxyethylene, 70%) (11,38).
In cold water, solubility of PM is due to the formation
of hydrogen bonds between the water and the oxygen
atoms of the polymer. When the temperature increases,
the bonds break, producing interactions between the hy-
drophobic fractions, thus decreasing solubility. So, this
structure gives the polymer the same properties that the
mucin exhibits: adhesiveness and water washability (11).

After dealing with rejected assays, if only the most
recurrent results are considered, PM was less adhesive
on mucus than PAA. In fact, after 45 min, 100% of the
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gel was removed. Any ex vivo comparison could be done
with results given in the literature as only in vivo studies
were performed (19,39). Nevertheless, if compared to
Koller and Buri’ sworks (19), alessimportant pharmaco-
logical answer was observed on rabbit intraocular pres-
sure when adrenaline was administered in a Pluronic
F127 gel (25%) than in a Carbopol 934 gel (2%). This
could indicate that the contact time, and consequently the
adhesion properties, with Pluronic F127 was less impor-
tant.

In Vitro Study

Our in vitro results clearly showed that PC and CM
are the best adhesivesin the in vitro testing. These results
for PAA are in agreement with those of Helliwell (1),
Ranga Rao and Buri (13), and Lehr et al. (31), who
showed that CM and PC are consistently the best adhe-
sives in the in vitro assays, with PC performing slightly
better than CM. In our own work, PC also had a substan-
tially longer polyethylene transit time than CM (59.2%
of the gel remained at 180 min). In the case of CM, the
polyethylene transit time was lower, athough 50% of the
gel waseliminated at 35 min. In fact, the PSrelease began
more quickly for CM than for PC.

Considering the same remarks as those for Poloxamer
407 in the ex vivo results, it may be noticed that its adhe-
sion time was not negligible (90 min). Unfortunately, the
adhesion profile was not linear since a 15 min only
33.1% = 5.0% of PS till remained in the polyethylene
tube.

The low adhesiveness obtained with the control (SG)
was expected since this polysaccharide is known for its
gelling properties (it is used as an excipient for the devel -
opment of sustained-release matrices), but not for its ad-
hesive properties.

CONCLUSION

Our ex vivo and in vitro results harden the idea that
the adhesion of hydrocolloids containing carboxylic
groups is greater than that of hydrocolloids with neutral
groups (17).

It may be noticed that the ex vivo intestinal adhesion
of hydrogels always decreased when compared to the in
vitro results. Each polymer seemed to adhere better on a
polyethylene support than on a mucus support. The less
important interactions between PC and mucus than those
observed on a polyethylene support have already been
explained (13,32,41,42). It seemed that there is a higher
strength in PC-mucin than in mucin-mucin interactions.
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Thus, PC seemed to carry the mucin. In the same way,
Mortazavi and Smart (10) determined that CM (Carbopol
934) adhesion on a nonadhesive polyvinyl chloride sur-
face was greater than on a rat intestinal mucosa. They
showed that the presence of mucus or mucous glycopro-
teinsis apparently unnecessary for adhesion, and that ad-
hesive strength tends to be weaker when more mucus is
present. This fact is consistent with the lubricant role of
the mucus within the gastrointestinal tract.

It may be concluded, as Mortazavi and Smart (10) pre-
viously said, that these mucoadhesive hydrogels are able
to adhere to different surfaces, and that a specific mucus/
mucoadhesion interaction is not an important factor. In
fact, the bioadhesion is often described as the result of
three steps (2,36): an intimate contact (good wetting) be-
tween the bioadhesive and the substrate, an interpenetra-
tion, and chemical interactions (electrostatic forces, Van
der Waalsforces, hydrogen and hydrophobic bonds). Our
work showed that adhesion can occur without interpene-
tration processes.

The model developed here was suitable for measuring
gel adhesion and mucoadhesion. An in vitro dynamic
model could be used as a comparative method for the
assessment of hydrogel adhesion. Ex vivo study could be
necessary to confirm and predict in vivo bioadhesion of
polymers. However, it will be necessary for further inves-
tigations to find a tracer closely bound to each polymer.
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