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Purpose: AL2106 is a new medical device based on a mixture of chondroitin sulphate in 
a xyloglucan and glycerol solution made to maximize its bioadhesive capability to the 
esophageal mucosa. The aim of the present study was twofold to evaluate the AL2106 
protective effect on the esophageal mucosa when exposed to an acidic solution mimicking 
gastric reflux and to assess the resilience of this effect to saline washing.
Materials and Methods: A porcine ex vivo model was used and the effects of the new 
medical device were compared to a sodium alginate suspension (SAS) already present on the 
market which was assumed as reference. Mucosal damage was induced in 19 porcine 
esophagi by perfusion with an acidic solution added with pepsin, and Evans blue 
dye (EBD) tissue uptake was used as an indicator of mucosal permeability. The EBD 
penetration, expressed as EBD µg/g of dry tissue, was assessed in specimens of untreated 
damaged mucosa and in specimens treated with AL2106 or SAS. The same evaluation was 
carried out after washing with normal saline.
Results: Both topical agents tested significantly reduced the EBD uptake by more than 60% 
(AL2106 8.4±4.5, SAS 3.6±2.7 vs control 23.2±13.1, p<0.01). The saline washing did not 
cause any significant reduction in the protective effect of AL2106 (8.6±5.9), while it 
significantly reduced that of SAS (5.9±4.3, p<0.05).
Conclusion: The new AL2106 medical device showed a good barrier effect against a reflux- 
like damaging solution and preserved this effect after the mucosal washing test, thus 
suggesting its possible relevance for the treatment of gastroesophageal reflux disease.
Keywords: bioadhesion, Evans blue dye, EBD, animal model, esophagus, gastroesophageal 
reflux disease, GERD

Introduction
Gastroesophageal reflux disease (GERD) is a condition affecting 10–20% of the 
Western population. It is now well established that the mechanisms underlying 
symptoms in GERD patients are not only related to esophageal acid exposure, but 
also to enhanced esophageal sensitivity due to increased mucosal permeability, thus 
explaining the partial failure of anti-secretory therapy in these patients.1–4

The esophageal mucosa consists of a stratified squamous epithelium which acts 
as a tight defensive barrier against the injurious components of the gastroesopha-
geal refluxate, and its impairment has been demonstrated not only in patients with 
mucosal erosions (esophagitis) but also in those with an apparently normal mucosa 
(NERD), who represent the most common GERD phenotype.5–7
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In recent years, several experimental studies aimed at 
demonstrating the possibility of strengthening the mucosal 
barrier by means of topical products containing combina-
tions of hyaluronic acid, chondroitin sulfate, alginates and 
antacids have been carried out on both animal models and 
humans.7–11

In a previous study, the Authors demonstrated how 
perfusion with a hyaluronic acid- and chondroitin sulfate- 
based product (Esoxx®) was able to reduce the permeabil-
ity of the acid/peptic-damaged esophageal mucosa in 
a porcine ex vivo model in which the epithelial perme-
ability was assessed using Evans blue dye (EBD) visuali-
zation on microscope sections.7

AL2106 is a new formulation for medical device, 
potentially useful for the topical treatment of GERD symp-
toms, based on a new mixture of chondroitin sulphate 
(CS), xyloglucan and glycerol aimed at increasing its 
bioadherence to the esophageal mucosa.

The aim of the present study was to evaluate, using 
a porcine ex vivo established model, the potential barrier 
protective effect on the esophageal mucosa of this new 
original chemical formulation and its bioadhesive capabil-
ity by assessing its resilience to washing events.

Materials and Methods
Organ Collection and Preparation
The esophagi were collected from commercially available 
European breed pigs, weighing approximately 120 kg, at 
a local slaughterhouse immediately upon slaughter, and 
transferred within 2 hours in cooled saline to the 

physiology labs of the Department of Veterinary Medical 
Sciences of the University of Bologna. The organs were 
obtained at the slaughterhouse from carcasses earmarked 
for human consumption, thus replacing the slaughter of 
animals for tissue sampling in accordance with the 3Rs 
(Reduction, Replacement and Refinement). Therefore, it 
ethical approval was not needed as no animal had been 
sacrificed for experimental purposes.

Only organs without visible lesions were used for the 
experimental purposes (n=19). Upon arrival, each esopha-
gus was thoroughly rinsed with tap water (inside and out-
side), and the cranial and caudal sphincters were ablated. 
The adventitial and the muscular layers were removed, 
maintaining only the submucosal and mucosal layers; the 
organs were then pinned upright (cranial end at the top and 
caudal end at the bottom) on an polystyrene support and 
placed in a thermostatic hood (Climatic Hood 810; ASAL 
s.r.l, Cernusco sul Naviglio, Italy) set at 37°C with an 
inclination of approximately 45 degrees as previously 
described7 (Figure 1).

Once positioned, the cranial opening of the esophagus 
was secured by means of a surgical knot to an extension 
tube connected to a 50 mL syringe attached to a perfusion 
pump. At the beginning of the experiment in order to 
obtain regular and uniform perfusion, the caudal end was 
closed by means of a surgical knot, and the esophagus was 
filled with 40 mL of the damaging solution for 5 minutes. 
At this point, the caudal surgical knot was removed and 
perfusion with the damaging solution started. The perfu-
sion rate was set to 60 mL/h and lasted 60 minutes. Due to 

Figure 1 Porcine esophagus ex vivo model. An esophagus ablated of its adventitial and muscular layers (A) An esophagus ablated of the lower sphincters, pinned to the 
support, attached to a perfusion pump, and placed in the thermostatic hood (B).
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an inclination of approximately 45 degrees, the damaging 
solution was also slowly cleared from the aperistaltic 
esophagi.

Damaging Solution
Mucosal damage was achieved with an acidic-peptic solu-
tion. In particular, the damaging solution was prepared by 
adding porcine pepsin (2000 U/mL, Sigma-Aldrich, 
St. Louis, MO, USA) to normal saline acidified to pH 2 
with HCl 0.1 N and warmed to 37°C. In the Authors’ pre-
vious study, it was found that this solution was able to induce 
microscopic mucosal damage on all the esophagi perfused.7

Design of the Study
At the end of the perfusion with the damaging solution, the 
esophagi were longitudinally sectioned, and the exposed 
inner mucosa was washed for 5 minutes in normal saline. 
At this point, six tissue fragments (~1cm x 1cm) were 
obtained from the middle portion of each organ and were 
used for the EBD quantitative analysis. The quantitative 
data were corroborated by a qualitative evaluation of tissue 
fragments using a microscope to indicate the depth of the 
EB penetration. The esophageal fragments underwent dif-
ferent treatments according to the strategy schematized in 
Figure 2. Briefly:

1. One untreated fragment was used as a control for 
the epifluorescence evaluation.

2. One fragment was exposed to the EBD solution 
(10 mg/mL in normal saline solution; Sigma- 
Aldrich, St. Louis, MO, USA) for 10 minutes.

3. Two fragments were treated with each of the two 
products tested for 10 minutes, and were then 
exposed to the EBD solution for 10 minutes.

The products were each in stick packs of 10 mL:

(a) AL2106: a new mixture of chondroitin sulphate in 
a bioadhesive solution of xyloglucan and glycerol 
polymer.

(b) SAS: suspension of sodium alginate and potassium 
bicarbonate.

4. Two fragments were treated with each of the two 
products tested for 10 minutes and were then washed 
for 30 seconds with normal saline before exposure to 
the EBD solution for 10 minutes.

At the end of the above-mentioned procedures, all the 
fragments were washed twice in normal saline solution; 
the first wash was very rapid consisting of two dips in 
100 mL of saline solution while the second one was 

Figure 2 Design of the study. Mucosal sampling and sequence of treatments after perfusion with the damaging solution. Six samples were taken from each esophagus. One 
served as epifluorescence control (CTR), one was stained with Evans blue dye (EBD) immediately while the others were treated with topical agents and stained with EBD, 
preceded or not by washing with saline. 
Abbreviations: CTR, control (untreated sample); EBD, Evans blue dye; SAS, sodium alginate suspension; W, washing.
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5 minutes long in 50 mL of saline. The fragments were 
then trimmed and divided into three approximately equal 
samples: one earmarked for epifluorescence evaluation and 
two as technical duplicates for EBD quantification.

Mucosal Permeability Assessment
The presence of the EBD inside the tissue was used as an 
indicator of increased permeability caused by peptic/acid 
perfusion since intact mucosa does not absorb the dye. To 
evaluate the quantity of EBD penetrated, a method of EBD 
extraction and spectrophotometric quantification was used.

In addition, a qualitative evaluation with an epifluores-
cence microscope was carried out.

Extraction and Quantification of the EBD
All the samples were dried at 37°C in a thermostatic hood 
for 30 minutes and were then immediately weighed, 
placed in a 15 mL conic tube with 3 mL of formamide 
(Sigma-Aldrich, St. Louis, MO, USA) and incubated for 
48 hours at 50°C. The quantity of EBD extracted from the 
tissue was evaluated using spectrophotometric measure-
ments (Gene Quant 1300; GE Healthcare, UK) at the 
absorption maximum for Evans Blue (620 nm). 
Micrograms of EBD per g of tissue were quantified 
using a standard curve (0.025–25μg/mL EBD in forma-
mide) and each of the sample weights. The data of the two 
technical replicates were averaged.

Evaluation of EBD Penetration Using 
Epifluorescence Microscopy
To evaluate the EBD penetration using epifluorescence 
microscopy, the esophagus fragments were fixed in 4% 
buffered formic aldehyde (pH 7.4) overnight at 4°C. The 
next day, after a short wash in phosphate buffered saline 
(PBS), the fragments were transferred into a 25% 
sucrose PBS solution at + 4°C to give protection against 
subsequent cryopreservation. Upon complete precipita-
tion, the samples were embedded in optimal cutting 
temperature (OCT) compound (Sakura Finetek, USA) 
and stored at −80°C. Ten μm thick esophageal mucosal/ 
submucosal serial sections were cut at a Leica CM1950 
cryostat (Leica, Wetzlar, Germany) and were placed on 
microscope slides. The samples were observed using an 
Eclipse E600 epifluorescence microscope (Nikon Europe 
BV, Badhoevedorp, The Netherlands) equipped with 
a Nikon DXM 1200 digital camera.

Statistical Analysis
All the quantitative EBD tissue uptake data were 
expressed as mean ± standard deviation (SD); single com-
parisons were carried out using the paired and unpaired 
Student’s t-test (parametric data) where appropriate. 
Significance was set at a value of p < 0.05.

Results
Assessment of Mucosal Permeability
In the present study, 19 esophagi were damaged using an 
acidic/peptic solution, and 6 mucosal fragments were col-
lected from each of them. According to the design of the 
study (Figure 2), of the 114 samples, 95 were stained with the 
EBD solution, and the presence of the dye inside the fragment 
was used as a measure of the mucosal permeability. The EBD 
absorption values were expressed as EBD µg/g of tissue.

The first analysis was carried out by comparing the EBD 
absorbed values in the two sample subgroups. As expected, 
the absorption values of the mucosal samples treated were 
significantly lower than those of the damaged but untreated 
mucosal fragments (Figure 3). A statistically significant 
reduction (p<0.01) in EBD penetration was observed after 
treatment with both AL2106 (8.4±4.5 µg/g) and SAS (3.6 
±2.7 µg/g) when compared with the control fragments (23.2 
±13.1 µg/g), confirming their protective properties. 
Assessment of the barrier effect after washing with saline 
showed that the effect persisted without variation for 
AL2016 (8.6±5.9 µg/g) while it showed a significant barrier 
effect reduction for SAS (5.9±4.3 µg/g).

Since the absorbance values observed in the untreated 
samples were rather variable (range 7.6–52.7 µg/g), poten-
tially due to the variability depending on different animals and 

Figure 3 The quantity of Evans blue dye (EBD) (µg/g) in the damaged mucosa 
treated with AL2106 and SAS. The data, expressed as a column chart, represent the 
mean ± standard deviation (SD) (vertical bars). EBD values in µg/g of dry tissue; 
Paired and unpaired Student’s t-test (parametric data). 
Abbreviations: CTR, control (mean of untreated samples); EBD, Evans blue dye; 
ns, not significant; SAS, sodium alginate suspension.
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“on field” sampling conditions, the difference between each 
treatment and the corresponding control value obtained from 
the same esophagus was calculated, assuming that the frag-
ments obtained from the same esophagus had the same beha-
vior. Figure 4 shows the difference observed after the 
treatments with respect to their control values; higher values 
indicated a greater reduction in EBD absorption due to an 
improvement in the mucosal barrier. The results in the 
unwashed samples showed a reduction of 14.8±14.9 µg/g for 
AL2106 and of 19.6±12.3 µg/g for SAS. As observed for the 
absolute values, the saline washing did not modify the effect of 
AL2106 (14.6±14.3 µg/g) but it reduced that of SAS. (17.3 
±12.4 µg/g, p<0.05).

Evaluation of EBD Penetration in 
Epifluorescence Microscopy
To evaluate the depth of mucosal penetration of the dye, 
mucosal samples were collected from all esophagi as 
described above and as schematized in Figure 2. The 
representative images obtained are shown in Figure 5.

Analysis of these samples suggested that the damaged 
esophageal mucosa displayed a very high orange back-
ground as shown in the control samples (perfused with 
damaging solution, but not treated with any topical agents, 
and not stained with EBD) (Figure 5A1).

In the samples not treated with topical agents but 
stained with EBD, an EBD-related signal present in all 
layers of the multilayered squamous epithelium was 
observed; the dye penetrated, affecting the lamina propria, 

passing through the muscularis mucosae and reaching the 
submucosa (Figure 5A2).

In the fragments treated with AL2106, the background 
signal was very high, but the EBD-related signal showed 
that the penetration did not affect all the layers of the 
epithelium (Figure 5B1). After washing in normal saline, 
only a minimal quantity of EBD penetrated the esophageal 
mucosa and submucosa (Figure 5B2).

Conversely, in the fragments treated with SAS, the 
presence of dye was noted in only a few layers of the 
epithelium (Figure 5C1). Washing in normal saline par-
tially restored the EBD ability to penetrate the esophageal 
mucosa and submucosa (Figure 5C2). It could also be 
noted that, in the sections in which the epithelium still 
had keratin, it appeared intensely fluorescent.

Discussion
The aim of the present study was to evaluate the potential 
barrier effect and the bioadhesive capability of the new 
medical device called AL2106 on the esophageal mucosa. 
To achieve these goals, an ex vivo porcine model was used 
in which the damage was induced by the perfusion of an 
acidic/peptic solution, and the mucosal permeability was 
assessed by the absorption of a vital dye.7 The porcine 
esophagus is considered a proper model for ex vivo studies 
due to the great similarities between human and porcine 
gastrointestinal tracts.7,12 In addition, EBD is known to 
bind quantitatively to albumin in vivo and in vitro; there-
fore, it was used as an indicator of esophageal mucosal 
permeability.13–15 A previous experiment with the same 
model showed that EBD penetration was due to the 
increased mucosal permeability caused by exposure to 
the acidic/peptic solution since the intact mucosa did not 
absorb the dye.7 After perfusion with the damaging solu-
tion, all the untreated mucosal samples absorbed the EBD 
while the absorption of EBD was reduced when the eso-
phagi were pre-treated with protective topical agents. 
Unlike the Authors’ previous study, a method of extraction 
and quantification of the dye was used to obtain a more 
objective measurement of EBD absorption instead of 
visual analysis of the staining.

In this study, the effect of AL2106, a new medical device 
with high bioadherence which contains a quantity of 0.5 to 
5% chondroitin sulphate, a quantity of 0.05 to 5% xyloglu-
can and a quantity of 10 to 70% glycerol was investigated. 
Chondroitin sulphate is a natural glycosaminoglycan present 
in all connective tissue extracellular matrices, especially in 
the cartilage, skin, blood vessels, ligaments and tendons, 

Figure 4 The quantity of Evans blue dye (EBD) (µg/g) in the damaged mucosa 
treated with AL2106 and sodium alginate suspension (SAS) expressed as the 
difference in reduction versus the controls. Higher values indicate a greater reduc-
tion in EBD absorption. The data, expressed as a column chart, represent the mean 
± standard deviation (SD) (vertical bars). Paired and unpaired Student’s t-test 
(parametric data). 
Abbreviations: EBD, Evans blue dye; ns, not significant; SAS, sodium alginate 
suspension.
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where it carries out a number of biological functions (cell 
proliferation, differentiation, migration, tissue morphogen-
esis, organogenesis, infection and wound repair).16,17 

Xyloglucan is a matrix polysaccharide which is present in 
the cell walls of all land plants. It is a natural biodegradable 
high-molecular weight branched polysaccharide (hemicellu-
lose) derived from the tamarind seed. The configuration of 
this polysaccharide gives the product a “mucin-like” mole-
cular structure, thus conferring optimal mucoadhesive prop-
erties. Xyloglucan possesses high swelling capacity, which 
is of great importance in initiating the bioadhesion process.18 

Xyloglucan was used to increase the AL2106 adhesive 

capacity for its rheological profile; hypothetically, during 
swallowing, in which the stress on the formulation is high, 
the viscosity is low and AL2106 behaves like a liquid. On 
the contrary, when AL2106 adheres to the mucosa, the stress 
is null and it behaves like a solid, increasing molecular 
interaction and thus the viscosity.19

The reference compound was SAS, present on the 
market since 1987 and one of the most used medical 
devices for the treatment of GERD.8 It is composed of 
alginic acid, a linear polysaccharidic polymer distributed 
widely in the cell walls of brown algae; it is hydrophilic 
and forms a viscous gum when hydrated. Alginic acid 

Figure 5 Evans blue dye (EBD) mucosal penetration indicated by epifluorescence microscopy: Control sample (damaged mucosa, not treated with any topical agents and not 
stained with EBD) showed a very high orange background. Arrows point at EBD-related signal. (A1) An EBD-related signal was present in all layers of the multilayered 
squamous epithelium in the sample not treated with topical agents but stained with EBD. (A2) In the fragment treated with AL2106, the background signal was very high, but 
the EBD-related signal was restricted to some superficial epithelium layers. (B1) After washing, a small quantity of EBD penetrated the esophageal mucosa and submucosa. 
(B2) In the fragments treated with the sodium alginate suspension (SAS), the dye was present in only a few layers of the epithelium. (C1) Washing in saline partially restored 
the ability of EBD to penetrate the esophageal mucosa and submucosa. (C2) (bars: 200µm). 
Abbreviations: E, epithelium; M, mucosa; SM, submucosa.
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derivatives, or alginates, act by creating a mechanical 
barrier which displaces the postprandial acid pocket. 
Due to its specific composition, it has been used to 
prevent the occurrence of reflux and to neutralize the 
acidity of the refluxate. Moreover, recent studies, both 
in vitro and in vivo, have shown its capacity of adhering 
to the esophageal mucosa and of preventing the mucosal 
impairment induced by the reflux components.6,20,21 In 
the present study, it was found that AL2106 was able to 
significantly reduce the amount of EBD absorbed by the 
damaged mucosa, an effect also shown by the reference 
device, and that this occurred even if the dye solution 
was applied after washing the mucosal fragments with 
saline.

To reduce the variability among the 19 esophagi examined 
and to better compare the two treatments, the difference 
between the dye absorbed after treatment and that of the 
corresponding untreated fragments was calculated. The entity 
of the variation induced by the treatments, either in unwashed 
or in washed fragments, was rather variable but the majority 
of the fragments showed a reduction in dye absorption ≥ 50%.

The persistence of a barrier effect after saline washing 
was particularly interesting since it could have repre-
sented a property displayed during more physiological 
conditions (ie during swallowing and salivation), there-
fore reflecting a critical role for the bioadhesive capabil-
ity of the product.

Microscopic evaluation revealed that a damaged eso-
phageal mucosa displayed great autofluorescence; how-
ever, it was possible to detect an EBD-related signal. In 
the samples not treated with any topical agents and 
stained with EBD, the dye penetrated the mucosa, affect-
ing the lamina propria, passing through the muscularis 
mucosae and reaching the submucosa. In the samples 
treated with both AL2106 and the reference topical 
agent, the EBD signal was restricted to only some of 
the more superficial epithelial layers. A very high back-
ground signal was noted in the fragments treated with 
AL2106, probably due to some intrinsic properties of the 
specific formulation. Washing in saline did not seem to 
alter EBD distribution markedly, even if sporadic EBD- 
related signals were present in the submucosa and an 
additional increase in the background was observed. 
Even if the microscopic observation seemed to support 
the above-mentioned quantitative data, it is important to 
note that this type of analysis is widely influenced by 
both the operator and the sample tract analyzed.

Conclusion
In conclusion, in our experiments AL2106 showed 
a barrier protective effect on the esophageal mucosa simi-
lar to that of the topical agent used as reference and 
maintained its effect even after mucosal washing, thus 
suggesting superior resilience. Additional experimental 
and clinical studies may support its use as a valuable 
medical device for the treatment of GERD.
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