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A B S T R A C T

Aim: It was the aim of this study to assess in vitro methods for the characterization of mucoadhesive hydrogels
for their potential to predict the residence time on human buccal mucosa.
Methods: Mixtures of hydrogels comprising hydroxyethyl cellulose (HEC), sodium carboxymethyl cellulose
(CMC), xanthan gum (XTGM), hyaluronic acid sodium salt (HA), sodium alginate (ALG), carbopol (CP) as well as
polycarbophil (PCP) and porcine mucus were analysed for relative rheological synergism. Furthermore, hy-
drogels were characterized for their texture and mechanical properties. For the assessment of mucoadhesive
strength of formulations tensile studies were performed on porcine buccal mucosa. To facilitate a direct com-
parability of data the residence time of stained hydrogels was determined ex vivo on porcine buccal mucosa and
in the oral cavity of volunteers.
Results: The extent of relative rheological synergism was in good agreement with data from in vivo residence
time studies. Results of tensile studies were further effected by textural properties of hydrogels leading to a
restricted correlation with data from the in vivo experiment. The resistance towards removal by artificial saliva
flow ex vivo revealed the highest correlation to the in vivo experiment with increasing mucosal residence time in
the rank order CP < HEC, HA, ALG, PCP < CMC < XTGM.
Conclusions: This overview of measurement principles to predict the residence time of hydrogels for buccal
application in humans may be a potent tool for the development of semisolid intraoral formulations.

1. Introduction

The usage for the treatment of periodontal as well as fungal or in-
flammatory diseases in the oral cavity gives semisolid dosage forms a
vital role in buccoadhesive drug delivery. Besides the more acceptable
mouth feel in comparison to solid dosage forms, syringability and ease
of placement in the periodontal pocket are key advantages of semi-
solids. However, the restricted ability to deliver a measured dose of
drug in comparison to unit dosage forms and the poor retention on the
site of application are major drawbacks of these formulations [1]. In
order to prolong the mucosal residence time various mucoadhesive
polymers have been incorporated in semisolid delivery systems [2]. The
extent of mucoadhesive properties of these formulations, mainly hy-
drogels, was assessed by means of different measurement principles.
Especially rheological as well as tensile studies were employed to es-
tablish a ranking of polymers for their mucoadhesive properties [3–6].

The variability of methods including discrepancies in polymer con-
centration, test parameters, source and type of mucosal tissues or mucin
restricts the comparability of studies. Fundamental differences in the
underlying measurement principle and validity of results for either the
cohesiveness of the gel itself or the interface between mucosa and do-
sage form need to be taken into consideration [7]. Approaches to cor-
relate results obtained by rheological measurements with varying de-
signs for tensile studies and textural properties of hydrogels showed so
far limited success [8,9]. Moreover, a lack of in vivo data for correlation
makes an interpretation of in vitro data difficult. Needleman et al., for
instance, performed ex vivo adhesion tests on hamster cheek pouch
mucosa in organ culture and compared the obtained results with those
obtained in humans. The evaluation of three hydrogels revealed the
same rank order for adhesion time but strongly deviating absolute re-
sidence times for all formulations [10,11].

Aiming to correlate ex vivo buccoadhesion with in vivo results on cell
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level Kokisch et al. tested four different polymer dispersions for their
residence time. Using a direct staining method on extracted human
buccal cells bioadhesive properties from ex vivo studies could be con-
firmed in vivo. However, the extent of adhesive interactions in vivo was
not reflected by the ex vivo ranking of polymers. Furthermore, dis-
crepancies to previous studies were referred to a lack of sensitivity of
the employed staining method [12]. Beyond these limitations, the usage
of human buccal cells for ex vivo studies may impede the broad appli-
cation of this method.

The establishment of valid in vitro methods for the evaluation of
mucoadhesive properties of semisolid formulations on the intraoral
mucosa highly correlating with results obtained in vivo is therefore
urgently needed. In particular, the development of mucoadhesive lo-
zenges and mouthwashes for the treatment of sore throat or alleviation
of symptoms of dry mouth syndrome will tremendously benefit from in
vitro methods of high predictive power for the performance of intraoral
formulations in humans [13,14].

Referring to the broad range of established in vitro test systems to
assess different aspects of mucoadhesion in the oral cavity, the objec-
tive of the present study was an evaluation of their predictability for the
in vivo performance. Apart from the determination of rheological sy-
nergism, this work covers the swelling and textural properties of hy-
drogels comprising polymers of fundamentally different polymeric
backbone, charge and molecular mass. Using porcine buccal mucosa,
tensile and flow retention studies were optimized for correlation to in
vivo conditions. Residence time studies in five healthy volunteers served
to interpret in vitro experiments for their validity for the in vivo per-
formance.

2. Materials and methods

2.1. Materials

Polymers employed in this study were kindly donated from the
manufacturers. Hydroxyethyl cellulose (HEC) (Natrosol® 250 G
PHARM) was a gift from Ashland Industries Netherland B.V.,
Zwijndrecht, Netherlands, sodium carboxymethyl cellulose (CMC)
(Cekol® 4000) from CP Kelco Oy, Äänekoski, Finland, xanthan gum
(XTGM) (Xanthan FFOC) from Jungbunzlauer Austria AG, Vienna,
Austria, hyaluronic acid sodium salt (HA) (molecular weight
1.50–1.80 MDa) from GfN Herstellung von Naturextrakten GmbH,
Wald-Michelbach, Germany, sodium alginate (ALG)
(Manucol® LKX MCLLKX) from FMC International, Health and
Nutrition, Cork, Ireland, carbopol (CP) (Carbopol® 974P NF) and
polycarbophil (PCP) (Noveon® AA-1) from Lubrizol advanced materials
Europe BVBA, Westerlo, Belgium. Tromethamine was purchased from
Evonik industries AG, Essen, Germany and Brilliant Blue FCF (BB) from
Jacobi Decor GmbH, Troisdorf, Germany. All other chemicals and salts
were of analytical quality and purchased from Sigma Aldrich, Vienna,
Austria. Porcine buccal mucosa and small intestine were kindly donated
by a local slaughterhouse.

2.2. Preparation of hydrogels

Hydrogels were prepared by dispersing pre-weighted amounts of
each polymer in demineralized water at room temperature.
Polyacrylate hydrogels were neutralized by means of tromethamine
with a weight ratio of 1:1.3 between poly(acrylic acid) polymers and
the base [15]. The dispersion was homogenized and then left for 48 h
for complete swelling and equilibration of the polymer at room tem-
perature. To avoid bacterial growth, the non-preserved gels were stored
at 4 °C until further use and utilized for maximum 10 days after the
manufacturing. To facilitate the determination of ex vivo and in vivo
residence time Brilliant Blue FCF (BB) was added to each formulation in
a final concentration of 0.05% (w/v). An overview of all hydrogels used
within this study is given in Table 1.

2.3. Intestinal mucus collection and purification

Porcine small intestinal mucus used for this study was collected and
purified according to a previously described method [16,17]. There-
fore, small intestine from freshly slaughtered pigs was cut in pieces of
15 cm and opened longitudinally. Sections containing chime were re-
moved and discarded. Mucus was collected by gently scraping off the
mucosa and stirred (≤40 rpm) in 0.1 M sodium chloride (NaCl) for 1 h
at 4 °C at a ratio of 1 g of mucus in 5mL of NaCl solution. The obtained
mixture was centrifuged for 2 h at 10,400 g at 10 °C (SIGMA 3-18KS,
Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) and the
supernatant as well as the granular material on the bottom were re-
moved. The resulting pellet was resuspended in NaCl 0.1M at a ratio of
1 g of mucus to 2.5mL of NaCl and stirred (≤40 rpm) for 1 h at 4 °C.
After centrifugation for 1 h at 10,400 g at 10 °C the supernatant was
removed and the purified mucus was collected for rheological mea-
surements.

To characterize purified mucus for its water content a gravimetric
analysis was performed. Therefore, 500mg of the resulting mucus was
weighted in a pre-dried petri dish, dried under reduced pressure over
42 h (Christ Gamma 1–16 LSC freeze dryer, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) and the
dry weight of the sample was measured.

2.4. Rheological measurements

To characterize hydrogels for their rheological properties a plate-
plate rheometer (Thermo Scientific™ HAAKE™ MARS™ rheometer,
Thermo Fisher Scientific, Karlsruhe, Germany; rotor: PP35 Ti,
D=35mm, gap 0.5 mm) was utilized. The linear viscoelastic region of
all formulations and purified mucus was determined by means of initial
oscillatory strain sweep measurements at a frequency of 1 Hz at 37 °C.
For oscillatory frequency sweep measurements (0.1–20 Hz, 37 °C) a
constant shear stress of 0.5 Pa was chosen for all samples. To ensure a
sufficient temperature adaption of the samples and relaxation from
stress induced by loading an equilibration time of 60 s at 37 °C was
allowed after application to the lower plate.

In order to assess interactions between hydrogels and mucus, fur-
ther oscillatory frequency sweep measurements of a mixture of both
components were performed. Mixtures of 500mg of mucus and 500mg
of hydrogel were carefully homogenized with a spatula and char-
acterized using test parameters as described above for frequency sweep
measurements. Mucus mixed with the same amount of demineralized
water served as control. Elastic modulus (G′), viscous modulus (G″) and
loss tangent (tan δ) of mucus, hydrogels and mixtures with mucus were
determined as a function of frequency using HAAKE RheoWin 3 soft-
ware. In order to obtain rheological parameters for comparisons the
mean dynamic moduli were calculated from the 14 points of G′ and G″
detected within the frequency range of 0.1–20 Hz to take the frequency
dependence of moduli for linear polymers into consideration [18].

The relative rheological synergism parameter was calculated as

Table 1
Characteristics of employed polymers and hydrogel formulations. Results for
complex shear modulus were obtained from frequency sweep measurement at a
frequency of 1 Hz (means of at least three experiments ± standard deviation).

Polymer Molecular
mass [kDa]

Charge at
pH 6.8

Concentration [%
w/v]

Complex modulus
[Pa]

HEC 300 non-ionic 6.5 60.20 ± 3.86
CMC 450 anionic 3.0 62.04 ± 2.80
XTGM 1000 anionic 2.5 72.67 ± 3.49
HA 1500–1800 anionic 1.5 63.87 ± 11.15
ALG 100–200 anionic 6.0 79.86 ± 10.05
CP 3000 anionic 0.5 638.31 ± 15.27
PCP 3000 anionic 0.5 188.28 ± 5.00
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follows [19,20]
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where G′mix is the elastic modulus of the mixture and G′polymer and
G′mucus display the elastic modulus of polymer and mucus, respectively.
Equivalent abbreviations are employed for the calculation of the vis-
cous modulus (G″) and tan δ.

2.5. Swelling behavior

Swelling behavior of the different hydrogels was determined grav-
imetrically. In brief, 100 µL of each hydrogel was weighted initially and
soaked into 2mL of artificial saliva comprising potassium chloride
(1.2 g/L), sodium chloride (0.85 g/L), magnesium chloride (0.05 g/L),
calcium chloride (0.13 g/L) and di-potassium hydrogen orthophosphate
(0.13 g/L) [21]. The final pH of artificial saliva was adjusted to 6.8.
After an incubation time of 30min at room temperature, excess of ar-
tificial saliva was removed and the weight of samples detected. The
following equation was used to calculate the swelling ratio

=
−

×Water uptake W W
W

[%] 100s 0

0

where Ws is the weight of the swollen hydrogel after 30min and W0 is
the initial weight.

2.6. Analysis of gel texture and spreadabiliy

Mechanical properties of hydrogels affecting their application and
mucoadhesive performance were analysed with a TA.XTplus texture
analyser with a 5 kg load cell (Stable Micro Systems Ltd, Surrey, UK)
[22]. The impact of swelling and dilution in artificial saliva on textural
properties of hydrogels was determined via analysis of binary mixtures
comprising different ratios of hydrogel and artificial saliva [23]. In
brief, 5 g of each hydrogel or the appropriate mixture with artificial
saliva pH 6.8 was weighted in a vial and allowed to rest for 30 min at
room temperature. A cylindrical probe of 10mm diameter (SMSP/10,
Stable Micro Systems Ltd) was forced down into each gel sample at a
test speed of 2mm/s to a defined depth of 5mm and immediately re-
moved with a return speed of 2mm/s. The study was carried out at
room temperature with an acquisition rate of 500 points/s. From the
resulting force-distance plots the work of adhesion was calculated by
means of Texture Exponent software (Version 6, Stable Micro Systems
Ltd) as the negative area under the curve arising from the upwards
movement of the probe. This parameter reflects the work necessary to
overcome the attractive forces between the surface of the sample and
the surface of the probe [24].

Spreadability of hydrogel formulations was detected at room tem-
perature using the same instrument equipped with a TTC Spreadability
rig (HDP/SR, Stable Micro Systems Ltd). Gel samples were filled in the
cone shaped female sample holder and the male probe was lowered
downwards forcing the sample to flow outward in an angle of 45°. The
probe was lowered with a test speed of 3mm/s until a slit of 2 mm was
arrived and then moved upwards with a return speed of 10mm/s. The
stickiness defined as the peak force required to overcome the forces
between the surface of spreaded hydrogel and the probe surface was
determined as the maximum negative force. The work of shear re-
flecting the total force required to perform the shearing process was
calculated as the positive area under the force-distance curve [25].

2.7. Tensile studies

The force required to break the adhesive bond was determined by
means of the texture analyser. In brief, porcine buccal mucosa was fixed
between two perspex discs as part of a mucoadhesion test rig (A/MUC,
Stable Micro Systems Ltd). A circular recess located in the upper disc
allowed an interaction between mucosa and the sample. To imitate in
vivo conditions the uncovered surface of the mucosa (3.8 cm2) was
prehydrated with 200 µL of artificial saliva providing sufficient hydra-
tion over the test period. 1.0mL of each gel formulation was applied to
a gel probe (gel mucoadhesion probe A/GMP, Stable Micro Systems
Ltd) equipped with concentric grooves encouraging the attachment of
semisolid formulations. After loading, samples were placed over the
mucosa and then lowered until the gel came in contact with the surface
of the mucosa at a pre-test speed of 2mm/s. After reaching a trigger
force of 0.5 N a downward force of 0.05 N was applied for 60 s. Then
the probe was moved upwards at a return speed of 0.1 mm/s. The total
work of adhesion (TWA), calculated from the positive area under the
force-distance curve, maximum detachment force (MDF) obtained as
peak force during detachment and deformation to failure were em-
ployed to evaluate the mucoadhesive strength of each gel [6]. De-
formation to failure was calculated as the distance covered by the probe
between incubation on the mucosa and the rupture of the gel string due
to upwards movement of the probe.

2.8. Mucosal residence time

2.8.1. Ex vivo
To assess the mucosal residence time of the hydrogel formulations

pieces of porcine buccal mucosa (3× 3 cm) were mounted in an angle
of 90° in an incubator with 100% humidity at 37 °C following a pre-
viously described method [26]. Immediately before application of hy-
drogel samples the mucosa was rinsed with artificial saliva pH 6.8 to
avoid premature dehydration. 100 µL of each hydrogel was applied in
the center of the mucosa and immediately rinsed with artificial saliva at
a physiological flow rate of 1.5mL/min using a peristaltic pump (Is-
matec IPC 8, Cole-Parmer GmbH, Wertheim, Germany) [27]. Fractions
of artificial saliva were collected every two minutes. The BB con-
centration in the collected samples was quantified photometrically
using a microplate reader (Tecan infinite® M200 spectrophotometer,
Tecan, Grödig, Austria) at a wavelength of 630 nm. Buccal mucosa
treated in the same way but omitting the application of a sample served
as control.

2.8.2. In vivo
The in vivo residence time of hydrogel formulations on buccal mu-

cosa was tested on five healthy volunteers (age group 24–32). Before
the study, written consent was obtained from all test persons. 100 µL of
each hydrogel sample was applied on the buccal mucosa of volunteers
beneath the parotid duct using a syringe without needle. During the
experiments volunteers were not allowed to eat or drink. For the visual
detection of remaining stained hydrogel on the buccal mucosa pictures
of the application site were taken every two minutes. The residence
time was determined as time interval between application of samples
and the time point where no changes in color intensity of BB were
detectable at the position of application.

2.9. Statistical data analysis

For statistical data analysis one-way ANOVA was utilized in com-
bination with a Tukey post-hoc test calculated with SigmaPlot 13.0.
P < 0.05 was set as a minimum level of significance. To assess the
correlation between in vitro and in vivo data Pearson’s product moment
correlation coefficient was determined. Positive correlation was set as
very high for 0.90 < r < 1.00, high for 0.70 < r < 0.90 and mod-
erate for 0.50 < r < 0.70. All results are expressed as means ±
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standard deviation of at least three experiments.

3. Results

3.1. Characterization of porcine small intestinal mucus

Following an established protocol for purification, mucus used for
rheological studies revealed a water content of 84.08 ± 0.11%
[17,28]. Based on the described procedure using 0.1M NaCl for pur-
ification, an approximation of the ion content of mucus to this con-
centration can be assumed. Moreover, the standardization of purifica-
tion conditions allows a good comparability of mucus composition and
mucin content to previous studies taking fluctuations due to the use of
animal tissue into consideration [29,30]. Purified mucus exhibited a
mean G′ of 398.15 ± 35.05 Pa, G″ of 138.34 ± 15.95 Pa and tan δ of
0.35 ± 0.01 within the frequency range of 0.1–20 Hz.

3.2. Rheological measurements

In order to characterize a broad range of mucoadhesive polymers
with strong variations in the underlying polymeric backbone a rationale
for comparisons of hydrogel preparations was needed. Aiming to find a
strategy to rank different carbopol derivatives regarding their rheolo-
gical synergism Hägerström et al. described an adjustment of the
rheological properties of gel formulations as a more logical approach
than employing equal concentrations of polymers [31]. Therefore, the
concentration of gelling agents was adjusted to reach the same level of
complex shear modulus (G*) as a quantitative measure for material
stiffness and resistance to deformation as shown in Table 1. For the high
molecular mass poly(acrylic acid) derivatives, however, an adjustment
of complex shear modulus to the range of 60–80 Pa strongly limited
further mucoadhesion studies due to insufficient gel strength at the
appropriate polymer concentration. A minimum concentration of 0.5 %
(w / v) for CP and PCP was observed to form gels of suitable strength
for characterization employing the same parameters for all formula-
tions.

The evaluation of structural properties of polymers and structural
changes in the polymer network in mixtures with mucus was performed
according to numerous previous studies [18,31,32]. The observed fre-
quency dependence of G’ for linear polymers and mucus used in this
study is displayed in Fig. 1A. Mixtures of hydrogels with porcine mucus
imitating the interface between underlying mucosal tissue and dosage
form revealed the rheological profile of a weakly crosslinked gel net-
work for all tested formulations (Fig. 1B).

Depending on structural properties of underlying polymers the ex-
tent of physical chain entanglement and the formation of non-covalent
bonds is reflected by the degree of rheological synergism [18]. To take
discrepancies in the initial moduli G′ and G″ of the unmixed materials
into consideration, normalized synergism parameters were calculated
to compare hydrogel formulations (Fig. 2). The more pronounced in-
crease of G′ with respect to G″ and thus a higher relative ΔG′ than re-
lative ΔG″ reflects the formation of a gel-like structure based on the
formation of polymer-mucin interactions. The loss tangent representing
the proportion of viscous and elastic components decreased upon
mixing both components due to the more pronounced elastic behavior
of the mixture [20].

XTGM with its properties of ion sensitivity and temperature induced
conformational changes showed the most pronounced interaction with
the highest increase in rheological synergism parameters [33]. Though
being described as highly mucoadhesive polymers, CP and PCP gels
displayed even negative values in rheological synergism. Induced by
ions present in mucus the ion sensitivity of poly(acrylic acid) deriva-
tives may contribute to this liquefaction considering the employed low
concentrations. In a further examination of time dependent changes in
viscosity over a period of 30min CP and PCP showed an additional
decrease of viscosity (data not shown). This may be induced by an

approximation to equilibrium distribution within the mixture causing
reduced repulsive interactions of carboxylate groups [9].

3.3. Swelling behavior

The ability of hydrogels to bind water in the hydrophilic matrix is
affected by the underlying chemical structure as well as molecular
mass, crosslinking density and charge of polymers. The lack of ionic

Fig. 1. Frequency dependence of elastic modulus (G′) of hydrogels comprising
HEC (●), CMC (○), XTGM (▾), HA (△), ALG (■), CP (□), PCP (♦) and purified
mucus (♢) (A) and of corresponding mixtures with mucus (B) at 37 °C and shear
rate of 0.5 Pa. Depicted values are means of at least three experiments ±
standard variation.
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interactions in the network of HEC gels may therefore contribute to its
rapid dissolution. The unique water binding capacity of HA was re-
flected by the highest swelling ratio after 30min as shown in Fig. 3.
Swollen samples of CMC and XTGM remained highly cohesive by
contrast to the other hydrogels spreading over the surface of the petri
dish.

3.4. Texture analysis

Due to salivary scavenging the residence time of hydrogel pre-
parations in the oral cavity is affected by the mechanical properties of
gels being gradually diluted with surrounding saliva. The exposure to
increasing percentages of artificial saliva and the resulting work of
adhesion of appropriate mixtures is shown in Fig. 4. Though revealing
the lowest adhesiveness for the gel itself, dilutions of XTGM with arti-
ficial saliva remained adhesive over a broad range of concentrations. As
reported by Jones et al. for intraoral hydrogel formulations the adhe-
siveness determined via texture profile analysis may also serve as a
parameter to evaluate mucoadhesion [34].

A further characterization of textural properties revealed the highest
resistance to shear for HEC and ALG which was in good agreement with
their high stickiness being significantly different to all other gel samples

(p < 0.001) (Fig. 5). The better spreadability over the mucosal surface
by hydrogels comprising the other polymers may increase retention
under consideration of their adhesiveness when diluted with saliva.

3.5. Tensile studies

Under the employed conditions the rupture of the mucus hydrogel
bond occured within the gel itself. The pronounced stickiness observed
for ALG hydrogels may contribute to the high resistance of the adhesive
bond reflected by the highest MDF of all hydrogels. Poly(acrylic acid)
derivatives revealed a liquefication on the mucosal surface due to the
present ions in artificial saliva causing the lowest MDF and TWA for CP
and PCP. Results for TWA displaying the sum of all established adhesive
interactions showed superior adhesive properties for XTGM. MDF and
TWA of hydrogel formulations are depicted in Fig. 6A. The formation of
an elongated string by the respective hydrogel during the detachment
process is a consequence of viscoelastic and cohesive properties of the
formulation. The extent of elongation before failure as a measure for
the width of the force-deformation, however, did not correlate to the
absolute values for MDF and TWA. As shown in Fig. 6B deformation
was the highest for CMC and XTGM before rupture of the adhesive

Fig. 2. Relative rheological synergism parameters of hydrogel formulations.
Relative ΔG′ (black bars), relative ΔG″ (dark gray bars) and Δtan δ (light gray
bars) calculated from means of parameters within a frequency range of
0.1–20 Hz. Displayed values are means of at least three experiments ±
standard deviation.

Fig. 3. Swelling behavior of hydrogels immersed in artificial saliva pH 6.8 at
room temperature. Values are means of at least three experiments ± standard
deviation.

Fig. 4. Results of texture analysis. Work of adhesion of mixtures comprising
hydrogels and increasing amounts of artificial saliva measured as the negative
area under the force/distance curve. Results for HEC (●), CMC (○), XTGM (▾),
HA (△), ALG (■), CP (□) and PCP (♦) with increasing amounts of artificial
saliva pH 6.8 at room temperature. Displayed values are means of at least three
experiments ± standard deviation.

Fig. 5. Results of determination of spreadability. Stickiness (light grey bars)
measured as maximum negative force and work of shear (dark grey bars) de-
termined as positive area under the force/distance curve. Values are means of at
least three experiments ± standard deviation.
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bond.

3.6. Mucosal residence time

Brought in contact with the excised buccal mucosa hydrogels
showed discrepancies in flow retention as shown in Fig. 7. Due to its in
situ gelling properties hydrogels comprising XTGM remained cohesive
over the measurement period. A gradual wash off was observed for the
other polysaccharide hydrogels. After dilution with artificial saliva the
retention in the lower part of the mucosa is most pronounced for CMC.
CP and PCP were dissolved and thereby removed from the site of ap-
plication.

Results of healthy volunteers revealed the same rank order of ad-
hesion time as obtained for the percentage of remaining hydrogel from
ex vivo studies (Fig. 8). Accordingly, XTGM remained significantly
longer (p < 0.05) than other formulations on human buccal mucosa. A
correlation between percentage of remaining hydrogel ex vivo and in
vivo residence time displays a very high correlation with a correlation
coefficient of r= 0.973. The relationship is displayed in Fig. 9.

4. Discussion

The assessment of mucus-hydrogel interactions plays a vital role in
the development of semisolids for mainly local drug delivery. Beyond
that, gel formation on the outer surface of solid dosage forms as an
inevitable step in the process of mucoadhesion broadens the applic-
ability of aspects found for the performance of hydrogels [3]. However,

Fig. 6. Results of tensile studies on porcine buccal mucosa. (A) Maximum de-
tachment force (MDF) (light grey bars) and total work of adhesion (TWA) (dark
grey bars). (B) Deformation to failure of hydrogel samples. Values are means of
at least three experiments ± standard deviation.

Fig. 7. Ex vivo mucosal residence time of HEC (●), CMC (○), XTGM (▾), HA
(△), ALG (■), CP (□), PCP (♦) on porcine buccal mucosa mounted in an angle
of 90° at 37 °C, 100% humidity. Displayed values are means of at least three
experiments ± standard deviation.

Fig. 8. In vivo mucosal residence time of hydrogels on buccal mucosa. Values
are means of five volunteers ± standard deviation (*p < 0.05, **p < 0.01,
***p < 0.001).

Fig. 9. Correlation between remaining hydrogel on porcine buccal mucosa after
32min ex vivo and residence time on human buccal mucosa. Values are
means ± standard deviation of three experiments for ex vivo data and
means ± standard deviation of five volunteers for the in vivo study.
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revealing rather weak cohesive properties in comparison to solid dosage
forms, the interpenetration layer between mucus and gel is not ne-
cessarily stronger than the formulation itself. Therefore, care needs to
be taken in the choice and interpretation of methods to evaluate mu-
coadhesive properties of semisolids, such as hydrogels. To assess es-
tablished measurement principles for their predictive power of in vivo
results, test polymers of strongly varying charge density, molecular
mass and polymeric backbone were chosen in this study. Unlike pre-
vious investigations focusing on the impact of chain flexibility or hy-
dratability of polymers with the same polymeric backbone [20,31,35],
this broader range of properties may better prove the applicability of
findings from this study. Due to the lack of similar derivatives as re-
ferences the contribution of single underlying properties of polymers
could not be evaluated. However, results of different measurement
principles could be correlated to the observed ranking of polymer for-
mulations and compared to in vivo data.

As an indirect method to evaluate mucoadhesion focusing on the
strength of the interfacial layer the concept of rheological synergism
has been introduced by Hassan and Gallo [36]. The usage of different
mucin types and processing of extracted mucus as well as varying ex-
perimental parameters make comparisons between different studies
difficult [6]. Accordingly, the observed negative rheological synergism
of poly(acrylic acid) hydrogels being in agreement with previous stu-
dies was shown to depend on pH and ion content of different com-
mercially available mucin types [4]. Moreover, rheological synergism
was described to occur only in a certain concentration range of polymer
depending on the underlying material [18]. Taking these limitations
into account, the extent of positive rheological synergism for poly-
saccharide hydrogels was in agreement with results of the in vivo ex-
periment. The ion sensitivity of CP and PCP at the employed low con-
centration effected their performance throughout this study. By this
examination of mucus-polymer interactions no information about the
weakest region of the mucoadhesive joint and polymer-surface inter-
actions were obtained making rheology not suitable as a stand alone
method to determine mucoadhesion [6,37].

Weakening of the mucoadhesive bond by excessive hydration and
therefore a dilution of interacting functional groups plays a funda-
mental role in the resistance towards removal from the site of appli-
cation. Equilibrium swelling and moreover the adhesiveness of swollen
hydrogels reflected the enhanced interactions in the network of ionic
polymers and the superiority of XTGM and CMC in vivo. Apart from the
extent of adhesiveness of hydrated formulations, high spreadability on
the mucosal surface after application increases the area for possible
interactions with the underlying mucosa. However, the impact of re-
sistance to shear as well as the stickiness of spreaded formulations did
not allow direct correlations to the in vivo residence time for the em-
ployed formulations.

Nevertheless, a contribution of textural properties to findings from
tensile studies could be observed. This is in accordance with a previous
study on buccal hydrogels for local delivery of benzydamine hydro-
chloride [38]. In literature different measurement configurations for
tensile studies with hydrogels were described reflecting varying per-
spectives for the assessment of the mucoadhesive joint. Most studies
employed a large volume of hydrogel and measured the MDF and TWA
of a mucosa with defined dimensions being moved downwards onto the
surface of the bulk gel [8,38]. Hägerström et al. compared results of this
set-up to an arrangement where a small amount of hydrogel was placed
between two mucosal surfaces. They concluded, that the large volume
configuration rather reflects the properties of the gel formulation and
expected the small volume set-up to provide more valid results for the
interaction between mucosa and formulation [5]. Tensile experiments
on the basis of a horizontally aligned mucosa allowed a further varia-
tion in the humidification and therefore a tool to adapt to in vivo con-
ditions. Higher quantities of artificial saliva, for instance, resulted in
comparable MDF for all hydrogels allowing a differentiation only by
means of TWA (data not shown). This phenomenon of a lower

sensitivity of TWA in comparison to MDF towards changing parameters
in tensile tests was also described by Bassi da Silva et al. [39].

Though being the most widely employed approach in bioadhesion
studies, the measurement principle of a vertically applied tensile force
does not reflect the shear stress by salivary scavenging in the oral
cavity. To evaluate the impact of mechanisms contributing to the
elimination from the site of application a flow retention study was
found to be most suitable for the employed test formulations. Being
hydrated by the artificial saliva flow the downwards movement on
buccal mucosa and reattachment on lower parts of the tissue con-
tributed to the observed discrepancies between hydrogel samples. This
phenomenon could not be reflected by other experiments employed in
this study. For an adaptation to in vivo conditions a high inclination of
the buccal mucosa compared to a previous study as well as a flow rate
of 1.5 mL/min was chosen [40]. The consideration of hydration,
spreading and interaction with the mucosal surface makes this mea-
surement principle also attractive for particulate formulations allowing
to measure adhesion without prior compression to a disc [41].

Due to the widespread use of tensile experiments in the field of
bioadhesion the approach to replace biological tissues revealing an
inherent variability has emerged [42]. Bassi da Silva et al. compared a
synthetic alternative to animal tissue composed of N-acryloylglucosa-
mine and 2-hydroxyethylmethacrylate to porcine buccal mucosa in
tensile and flow retention experiments. Significant differences in MDF
and TWA were found for two of four tested formulations when com-
paring biological and synthetic material [32]. The usage of porcine
buccal mucosa as a reference could further be confirmed by the very
high correlation between the in vitro model and in vivo data in this
study. Moreover, the contribution of polymer entanglements with the
surface as well as the formation of non-covalent interactions to adhe-
sion were previously shown by the usage of materials with strongly
varying properties in the flow retention set-up [32].

These direct methods for prediction of mucoadhesion in vivo have
been stressed in literature for solid and semisolid drug delivery systems.
The ability of previous studies to correlate results of static set-ups for
mechanical force determination and of dynamic methods under imita-
tion of shear forces to in vivo data showed strong variations. Besides
varying dosage forms, the diversity of parameters and experimental set-
ups may contribute to this heterogeneity of results [43,44]. Displaying a
comparison of similar measurement principles the correlation of in vivo
residence time studies with flow retention set-ups may be more sui-
table.

5. Conclusion

The interpretation of studies focusing on different processes in the
context of mucoadhesion is an important tool for the development of
novel semisolid dosage forms. For a better understanding various
methods to evaluate mucoadhesive properties of different model hy-
drogels were analysed for their predictability of the residence time in
the oral cavity of human volunteers.

Imitating the interfacial joint rheological studies and the determi-
nation of normalized rheological synergism parameters allowed to draw
conclusions about the in vivo performance. The assessment of the
weakest region of the mucoadhesive bond by tensile studies revealed a
fracture in the gel itself and a reflection of textural properties of hy-
drated gels by MDF and TWA. Optimized conditions for the employed
flow retention experiment displayed a very high correlation to in vivo
residence time and therefore a promising tool for formulation devel-
opment of semisolids.
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