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Abstract  
Bilayered tube structures consist of epithelial cell-seeded collagen lattice and muscle layer have been 
fabricated for esophageal tissue engineering.  Good adhesion between layers in order to facilitate cell 
infiltration and neovascularization in the collagen lattice is required.  Previous efforts include using other 
bioglues such as fibrin glue and silicone tube as the physical support.  However, the former is subjected to 
chances of transmitting blood-born infectious disease and is time consuming while the latter requires a second 
surgical procedure.  The current project aimed to bond the cell-seeded collagen lattice to muscle layer using 
photochemical bonding, which has previously been demonstrated a rapid and non-thermal procedure in 
bonding collagenous tissues. 
 
Rat esophageal epithelial cells were seeded on collagen lattice and together with the latissimus dorsi muscle 
layer, were exposed to a photosensitizer rose Bengal at the bonding surface.  An argon laser was used to 
irradiate the approximated layers.  Bonding strength was measured during the peeling test of the collagen 
layer from the muscle layer.  Post-bonding cell viability was assessed using a modified NADH-diaphorase 
microassay.  A pilot in vivo study was conducted by directly bonding the cell-seeded collagen layer onto the 
muscle flap in rats and the structures were characterized histologically. 
 
Photochemical bonding was found to significantly increase the adherence at the bonding interface without 
compromising the cell viability.  This indicates the feasibility of using the technique to fabricate multi-layered 
structures in the presence of living cells.  The pilot animal study demonstrated integration of the collagen 
lattice with the muscle layer at the bonding interface although the subsequent surgical manipulation disturbed 
the integration at some region.  This means that an additional procedure removing the tube could be avoided if 
the approximation and thus the bonding are optimized.  Cell infiltration and neovascularization were also 
evident demonstrating that direct bonding of engineered tissue structures in particular those with low 
processability such as collagen lattice to the host tissue is feasible. 
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1. Introduction 
 
In tissue engineering, fabrication of multi-layered tissue structures is a common approach.  Lamination of thin 
layered structures with low processability such as those made of collagen gel is particularly difficult.  This is 
because traditional mechanical devices such as sutures and staples would damage the delicate structures but 
do not give good integration.  Other methods for lamination such as chemical ones using fibrin glues 
(Canonico 2003, Chao & Torchiana 2003) and physical ones using radiations (Bass & Treat 1995) are the 
potential alternatives.  Nevertheless, the former usually takes a longer time for preparation and is subjected to 
the concerns relating to transmission of blood-born infectious diseases (Dunn & Goa 1999) while the latter 
uses thermal coagulation of proteins as the bonding mechanism that is not suitable for engineered tissue 
structures where living cells are present. 
 
Photochemical tissue bonding is an emerging laser-based non-thermal technique able to bond collagenous 
tissue structures such as skin grafts and tendon strips without compromising cell viability (Chan et al. 2002, 
2004).  The underlying mechanisms of the technique are not completely understood but are believed to 
associate with that of the photosensitization in direct and indirect pathways.  In the direct pathway, the light 
activated photosensitizers interact with the surrounding molecules by direct hydrogen abstraction and this also 
produces reactive species such as free radicals and hydrogen peroxides, which are also reactive (Webster et al. 
1989).  In the indirect pathway, the light activated photosensitizers react with ground state oxygen molecules 
to produce active singlet oxygen, which diffuse to react with oxidizable groups in the surroundings 
(Balasubramanian et al. 1990).  This photochemical bonding technique may present a simple, rapid and safe 
procedure in bonding layers of engineered tissue structures. 
 
Artificial esophageal tissue replacements are to be anatomized to the defect after esophagectomy in cancer 
treatment.  The design of the artificial esophagus is based on the normal histology of the esophageal tissue 
that an epithelial cell layer is seeding on a collagen lattice simulating the mucosal layer and then transplanted 
onto a muscle layer (Sato et al. 1993).  The bilayered structure will be sealed to make tube-like structure for 
anastomosis.  Previous approach was to use a silicone tube as the physical support, which compresses the 
cell-seeded collagen lattice against the muscle layer for one week before harvesting the structures for 
anastomisis (Yamamoto et al. 1999).  However, this method has two important drawbacks, firstly, 
compressive force of the silicone tube may damage the epithelial cells and adversely affect the 
epithelialization process; secondly, a second surgical procedure is needed to remove the non-biodegradable 
silicone tube before anastomosis. 
 
This pilot study aims to photochemically bond an engineered epithelial cell-seeded collagen lattice onto a 
muscle layer in order to make bilayered structure for esophageal tissue engineering.  The adhesive force of the 
bonded structures and cell viability after bonding will be assessed ex vivo while a pilot animal model will be 
used to evaluate the bonding effect histologically. 
 
2. Materials and Methods 
 
Epithelial cell seeded collagen lattice 
 
Epithelial cells were isolated from rat esophageal tissue by methods modified from that previously described 
(Sato et al. 1993).  In brief, normal esophageal mucosa was digested in dispase for 3 hours at 37oC and the 
epithelial cells were released by incubating the epithelium with 0.025% Trypsin with 0.02% EDTA for 15 
minutes at 37oC.  The epithelial cells were cultured for two passages in keratinocyte growth medium.  Cells in 
the early passages at a concentration of 5 x 104 cells / ml were seeded onto a piece of collagen lattice made 
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from acid soluble collagen solution at a concentration of 2mg/ml.  The cell seeded collagen lattice was 
cultured for 2 more weeks before bonding to muscle layers. 
 
Photochemical bonding of the cell-seeded collagen lattice onto muscle layer 
 
Latissimus dorsi muscle layers from Sprague Dawley (SD) rats were dissected under dissection microscope 
and were carved into 1cm x 1cm pieces using a surgical blade.  The muscle layer was then secured onto a 
custom-made platform using 5-0 sutures.  The cell-seeded collagen layer was punched into 6mm diameter 
discs under the dissection microscope and a small suture was attached to the collagen disc at the edge.  The 
bottom side of the cell-seeded collagen layer and the upper side of the secured muscle layer was then stained 
with a photosensitizer, rose Bengal, at a concentration of 0.1% (w/v) for 2 minutes.  The collagen layer was 
then approximated to the muscle layer gently.  An argon laser (Innova 100, Coherent, Palo Alto, CA), 
transmitted through a 1mm-diameter quartz fiber, was used to irradiate the approximated collagen lattice-
muscle bilayered composite at a spot size of 6mm diameter.  Specimens were irradiated at 0.5 W/cm2 for 100 
and 200 seconds prior to the measurement of the adherence force by peeling test as described previously 
(Chan et al. 2002).  The suture loop was mounted onto a tensiometer (TCD-200, Chartillon), which is 
connected to a force gauge (DFA2, Ametek).  A uniaxial force at a constant strain rate of 12.7 mm/min was 
applied until the whole collagen lattice was peeled off from the muscle layer.  The force-displacement curve 
was obtained and the adherence was calculated as the total area under the curve of the force-displacement 
curve (mJ/cm2). 
 
Cell viability assay after photochemical crosslinking 
 
Rat esophageal epithelial cells at a concentration of 5 x 104 cells/ml were seeded on a piece of collagen lattice 
in each well of a 24 well culture plate and were cultured in the same medium for one week until confluence.  
An aliquot of 100µl of 0.1% rose Bengal was added into each well at the bottom of the culture plate for 2 
minutes to stain the collagen gel after aspiration of excessive medium.  The cell-seeded collagen gel was then 
irradiated with the same argon laser at an irradiance of 0.5W/cm2 for 100 and 200 seconds.  The irradiated 
structure was incubated in the same medium for 2 hours in a 37oC incubator.  The epithelial cell layer was 
then trypsinized using for a few minutes and was removed from the collagen lattice.  The cell pellet was 
washed in medium with 10% fetal calf serum to stop the enzyme activity and then incubated with 
nicotinamide adenine dinucleotide (NADH)-diaphorase incubation fluid for 30 minutes at 37oC.  The NADH-
diaphorase activity of viable cells would metabolize the substrates in the incubation fluid to form a water 
insoluble dark blue precipitate diformazan, which has an absorption peak at OD550 (Neumann et al. 1991).  
After thorough rinse, the cell pellet was lyzed and dissolved by 0.5ml DMSO for OD550 measurement using 
diformazan as standards. 
 
Pilot implantation of photochemically bonded structures 
 
Male SD rats were anaesthetized and a long incision was made at the back to expose the latissimus dorsi 
muscle.  A muscle flap measured 2x2cm was made and set aside.  After staining the bottom of the epithelial 
cell-seeded collagen lattice of the same size with 0.1% of rose Bengal solution for 2 minutes, the collagen gel 
was approximated to the muscle flap gently and irradiated with the same argon laser at a fluence of 100 J/cm2.  
The bilayered structure was then made into a closed tube-like structure by sealing the sides and the two ends 
with 5-0 sutures.  On the contralateral side, the collagen lattice was laid down onto the muscle flap and 
wrapped around a silicone tube.  The side and the two ends were also sealed with sutures.  The wound was 
closed and the animal was kept for 1 week before sacrifice.  Upon sacrifice, the photochemically bonded 
structure and the contralacteral control tubes were exposed, and then opened by removing the sutures.  The 
tissues were fixed in 10% buffered formalin overnight and five micron-thick sections were made after paraffin 
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embedding.  Routine histology was used to reveal the morphology of the bilayered structures to study the 
integration at the bonding interface. 
 
Statistics and data analysis 
 
Data of all outcome measures were continuous in nature and verified for normal distribution so that 
parametric tests could be used.  One-way ANOVA with Bonferroni’s post-hoc tests were used to compare the 
adherence of the collagen lattice to the muscle layers and the cell viability in different treatment groups 
including the untreated control, the dye control and the laser control.  SPSS 12.0 was used to execute the data 
analysis and the significance level was set at 0.05. 
 
3. Results 
 
Epithelial cell-seeded collagen lattice 
 
Fig. 1 showed the haematoxylin staining of the single layer human epithelial cell-seeded collagen lattice.  The 
collagen lattice could be identified by the longitudinally running network to which a single layer of epithelial 
cells were seeded.  
 
Adherence of cell-seeded collagen lattice on muscle layer 
 
Fig. 2 showed the box plot of the adherence of the cell-seeded collagen lattice to the muscle layer in different 
treatment groups.  For the untreated control, dye and laser controls, there were only minimal adherence while 
for the photochemically bonded collagen lattice, there was at least 3 fold increase in adherence in groups with 
different fluences, 50 and 100J/cm2.  One-way ANOVA with Bonferroni’s post-hoc test showed that there 
was statistically significant difference among different treatment groups (p=0.002) and the photochemically 
bonded group (50J/cm2) showed significant difference comparing to all control groups (p<=0.011). 
 
Measurement of cell viability after photochemical bonding 
 
Fig. 3 showed the concentration of diformazan in viable epithelial cells in different treatment groups.  It was 
demonstrated that the cell viability of all groups including the control groups and the photochemically bonded 
collagen lattice were similar.  One-way ANOVA showed that there was no significant difference at all 
between the photochemically bonded group and other control groups (p=0.808). 
 
Implantation of cell-seeded collagen lattice bonded to muscle flap 
 
Fig. 4 showed the tube-like structures with the muscle flap on the outer side and the cell-seeded collagen 
lattice at the luminal side in SD rat.  The diameter of the photochemically bonded tube-like structure (right) 
was smaller than that of the one using the silicone tube (left). 
 
The luminal surface of the photochemically bonded bilayered structure was less smooth than that of the one 
using silicone tube because the rigid silicone tube was compressing against the cell-seeded collagen lattice on 
top of the muscle flap that resulting in a smooth luminal surface (Fig. 5).  
 
H&E staining of the cross-sectional morphology of the photochemically bonded bilayered structure (Fig. 6) 
showed that there was good integration between the cell-seeded collagen lattice and the muscle flap at the 
bonding interface that lot of cells, originated from the muscle layer, have been infiltrated into the collagen gel.  
Neovascularization was also evident near the bonding interface that small vessels were found.  The epithelial 
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cell layer at the top of the collagen layer was found at some region.  The cell-seeded collagen lattice in the 
control group was much thinner than that of the photochemically bonded ones while cell infiltration and 
neovascularization were also evident. Both groups did not show further stratification at the epithelium. 
 
4. Discussion 
 
The current study demonstrated the feasibility of using a photochemical bonding technique to laminate cell-
seeded collagen lattice onto tissue layers that is important in fabricating multi-layer structures in tissue 
engineering.  Ex vivo evidence showed enhanced adherence of collagen lattice on muscle layers (Fig. 2).  In 
vivo pilot implantation study showed that photochemically bonded collagen lattice was able to adhere to the 
muscle flap to form the bilayered structure without detachment while integration at the bonding interface as 
shown by cell infiltration and neovascularization (Fig. 6).  This showed that photochemical bonding may 
eliminate the use of the silicone tube and therefore avoids an additional surgical procedure in making artificial 
esophagus.  This also prevents chronic compressive damage of the epithelial cells induced by the rigid 
silicone tube and therefore may result in a better epithelialization, which is the key to the success of functional 
replacement of esophagus. 
 
Photochemical bonding also presents a safe procedure because the epithelial cells in the photochemically 
bonded groups remained as viable as the controls (Fig. 3).  Potential cell damage in photochemical reactions 
is of two-fold.  Firstly, thermal damage will be resulted if the heat accumulates due to high power and 
irradiance.  Secondly, photochemical damage due to the cellular contact of the reactive oxygen species after 
photoactivation of the photosensitizing reagents such as free radicals and hydrogen peroxides.  Nevertheless, 
both were absent in the current procedure because firstly the laser power used was safe according to our 
previous study (Chan et al. 2002) that the maximal temperature involved was below 40oC which does not 
induce thermal damage and secondly the photosensitizing reagent was only in contact with the lower side of 
the collagen lattice while the epithelial cells were seeded on top of the collagen lattice.  As a result, the 
epithelial cells remained viable after the bonding procedure. 
 
Epithelialization into multi-stratified epithelium with 20 layers like in human is important for esophageal 
functions (Miki et al. 1999).  However, the current pilot study did not show further stratification of the 
epithelium.  This may be due to the reason that the time of harvest was only one week post-implantation that 
is not sufficient for complete epithelialization.  Further, the current pilot study did not incorporate 
keratinocyte growth factor or fibroblasts, which are known to secrete keratinocyte growth factors (Miki et al. 
1999) that stimulate the epithelium growth.  Future study using fibroblast as a feeder layer seeded within the 
collagen lattice should be conducted in order to optimize the conditions for growth of the epithelial cells. 
 
Since photochemical tissue bonding requires proximal contact at molecular level between structures for 
bonding, good approximation between the collagen lattice and the muscle flap is necessary.  Nevertheless, the 
approximated layers were easily disturbed during surgical manipulation such as sealing the layers into tube-
like structures using sutures.  This may explain why there is region without good integration in the 
histological pictures.  In future studies, approximation between the collagen lattice and the muscle layer can 
be made after sealing the bilayered structures into tube-like structures by methods such as inserting an 
inflatable and non-adherent balloon into the bilayered tubes and removing after irradiation. 
 
Last but not the least, many factors affecting the bonding efficiency such as the concentration of the 
photosensitizer and the light source parameters need to be optimized for best bonding results in future studies. 
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Conclusion 
 
The current pilot study has demonstrated the feasibility of using a photochemical bonding technique to 
laminate epithelial cell-seeded collagen lattice onto muscle layers with good adherence and integration 
without compromising cell viability in esophageal tissue engineering.  The long term significance of the study 
is the development of safe technologies in fabricating multi-layered tissue engineered structures with living 
components. 
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Fig. 1 – Single layer human epithelial cell-seeded collagen lattice (10X) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 – Box plot of adherence of cell-seeded collagen lattice on muscle layer in different treatment 
groups 
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Fig. 3 – Box plot of cell viability in different treatment groups 
 
 

 
 
 
Fig. 4 – Formation of bilayered tube-like structures at the back of the SD rat 
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Fig. 5 – Interior of the tube-like structures 
 
 

 
 
Fig. 6 – Routine H&E staining of photochemically bonded epithelial cell-seeded collagen lattice on 
muscle flap (A) and control side with silicone tube as physical support (B) (Magnification: 10X)  
Col – collagen lattice; EP – epithelial cell layer; M – muscle layer; BI – bonding interface; Arrow – 
neovascularization. 
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