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Abstract
Intestinal tissue engineering is an emerging field due to a growing demand for intestinal
lengthening and replacement procedures secondary to massive resections of the bowel. Here, we
demonstrate the potential use of a chitosan/collagen scaffold as a 3D matrix to support the
bioengineered circular muscle constructs maintain their physiological functionality. We
investigated the biocompatibility of chitosan by growing rabbit colonic circular smooth muscle
cells (RCSMCs) on chitosan-coated plates. The cells maintained their spindle-like morphology
and preserved their smooth muscle phenotypic markers. We manufactured tubular scaffolds with
central openings composed of chitosan and collagen in a 1:1 ratio. Concentrically-aligned 3D
circular muscle constructs were bioengineered using fibrin-based hydrogel seeded with RCSMCs.
The constructs were placed around the scaffold for 2 weeks, after which they were taken off and
tested for their physiological functionality. The muscle constructs contracted in response to
Acetylcholine (Ach) and potassium chloride (KCl) and they relaxed in response to vasoactive
intestinal peptide (VIP). These results demonstrate that chitosan is a biomaterial possibly suitable
for intestinal tissue engineering applications.
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1. Introduction
Damaged or diseased segments of the intestinal tract require surgical intervention and
extensive resection. This can lead to malabsorption and malnutrition eventually resulting in
high mortality and morbidity rates in children and in adults [1–3]. Intestinal transplantation
is a common treatment but its limitation resides in the high incidence of rejection,
availability of donor organs and the size of the donor graft [4–6]. Hence, there is a clinical
demand for generating physiologically functional intestinal replacement. The challenge in
tissue engineering functional intestinal replacement lies in the anatomic complexity of this
tubular organ. The intestine is composed of two layers of smooth muscle cells that are
arranged in distinct orientations; the inner muscle layer consisting of concentrically oriented
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circular smooth muscle cells, and the external muscle layer consisting of parallel
longitudinal smooth muscle cells. These two smooth muscle layers, along with their
innervations, perform propulsive peristaltic function.

Tissue engineering provides an approach to generate new tissues using a variety of
biomaterials with different cells. In intestinal tissue engineering, it is essential to develop a
physiologically functional intestinal segment that could serve as a replacement. To date,
both synthetic and natural polymers are used to design 3-D scaffolds to serve as temporary
matrices for cell seeding until mature regeneration of the intestine occurs. Synthetic
biomaterials used in intestinal tissue engineering applications include polyglycolic acid
(PGA) and polycaprolactone (PCL). Vacanti et. al have successfully seeded intestinal
organoids isolated from rat guts onto PGA scaffolds and reported recovery after small bowel
resection in rat models [7]. Another group has reported the biocompatibility of PCL as an
alternative biomaterial for intestinal regeneration [8]. These polymers demonstrate adequate
mechanical properties and are easily reproducible. Intestinal segments have been tissue
engineered using collagen due to its excellent biocompatibility, cell-binding affinity and
biodegradability [9, 10]. However, the mechanical properties of collagen are unsuitable for
intestinal tissue engineering applications [11]. In vivo, collagen scaffolds display rapid
degradation rate; therefore they do not allow enough time for tissue regeneration. This
imposes limitations on the use of collagen alone as biomaterial in tissue engineering.

Chitosan is a partially or fully deacetylated form of chitin, which is the second most
abundant natural polymer found in the shells of shrimps, lobsters and crabs. It is a natural
polymer that is commonly used as a biomaterial in many tissue engineering applications.
Chitosan is a linear polysaccharide linked by (1→4)-β-glycosidic bonds. [12–14]. It has a
degradation rate that can be controlled by enzymatic reactions and its biocompatibility has
shown promising results in vivo [15–17]. The hydroxyl and amino groups of chitosan allows
this polymer to be derivatized under mild conditions [15]. Chitosan has the ability to modify
the mechanical properties of collagen when mixed together [18]. Little is known about the
use of chitosan in intestinal tissue engineering applications; however, it is thought to be
well-tolerated by the digestive system as it has been used as a component of dietary
supplements for a number of studies [19–21].

Our laboratory first reported the bioengineering of 3-D physiological model of rabbit
internal anal sphincter (IAS) and colonic smooth muscle constructs using fibrin-based gels.
These constructs showed cellular alignment similar to native tissue [22]. Yoshikawa and
colleagues have implanted collagen sponges seeded with smooth muscle cells as a potential
for intestinal regeneration [10]. The smooth muscle cells demonstrated an arrangement
similar to the native circular muscle layer but functionality was not assessed. Also, the
degradation time of the collagen sponges in vivo was very short which caused shrinkage of
the graft sites.

In our current study, we have developed a composite scaffold composed of collagen as the
bioactive component combined with chitosan to provide mechanical stability to the scaffold.
The composite scaffold was then cross linked with heparan sulfate using carbodiimide cross
linker. We propose to use the composite chitosan scaffold as a support for the bioengineered
constructs. We first investigated the biocompatibility of chitosan with intestinal smooth
muscle cells on 2D composite chitosan membranes by evaluating cellular attachment and
smooth muscle phenotypic markers expression. Secondly, we bioengineered 3D smooth
muscle tissue constructs and placed them around the composite chitosan tubular scaffold.
The bioengineered muscle constructs were taken off the scaffold after a period of 2 weeks
and their physiological functionality was compared to constructs that were not around the
scaffold.
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2. Materials and Methods
2.1. Reagents

All cell culture reagents including growth medium and supplements were purchased from
Invitrogen (Carlsbad, CA). Growth medium consisted of Dulbecco’s modified Eagle
medium (DMEM) (supplemented with 10% fetal bovine serum (FBS), 1.5% antibiotic-
antimycotic, and 0.6% L-glutamine. Differentiation medium consisted of 73% DMEM, 20%
medium 199, 7% heatinactivated horse serum, and 1% antibiotic-antimycotic. Collagenase
type II was from Worthington (Lakewood, NJ).

Medium molecular weight chitosan (75-85% deacetylation), glycosaminoglycan heparan
sulfate, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), acetylcholine (ACh) and
vasoactive intestinal peptide (VIP) were purchased from Sigma (St. Louis, MO). Sylgard
[poly(dimethylsiloxane); PDMS] was from World Precision Instruments (Sarasota, FL).
Type I collagen was purchased from BD Biosciences.

2.2. Isolation of Rabbit Colonic Circular Smooth Muscle cells
Rabbit colonic circular smooth muscle cells (RCSMCs) were isolated as described
previously [23]. Briefly, rabbit sigmoid colon was cleaned of fecal content. The serosa,
longitudinal smooth muscle and mucosa were removed. The circular smooth muscle was
finely minced, digested twice in type II Collagenase (Worthington), and filtered through a
300 μm mesh to eliminate cellular debris. The filtrate was centrifuged at 600 g for 5 min,
washed three times in Hank's buffered salt solution HBSS, and then plated in growth
medium. Cells were grown to confluence before use in the experiments.

2.3. Fabrication of composite chitosan membranes and scaffolds
A 2% w/v chitosan solution was prepared by dissolution in 0.2 M acetic acid. 500 μl
chitosan: type I collagen (1:1) solution was added to each well of a 12-well plate and the
plate was left to air-dry overnight. The resulting dry membranes were cross linked with
heparan sulfate using the carbodiimide cross linker (EDC) under moderate shaking at room
temperature following the method used by Uygun et. al [24]. The membranes were
neutralized with 0.2 M sodium hydroxide and washed several times with 1X PBS. Heparan
sulfate (10mg/ml) solution was activated by EDC in a 1:10 ratio. The activated heparan
sulfate was then applied to the dried chitosan. The plates were left under moderate shaking
at room temperature overnight. This resulted in the production of composite chitosan 2D
membranes, which were then sterilized with 70% ethanol and UV light. Membranes were
washed several times with sterile PBS before use.

Composite chitosan scaffolds were prepared using the freezing and lyophilizing method
described by Madihally et. al. [15]. Briefly, the 2 w/v % chitosan solution was mixed with
type I collagen in a volume ratio of 1:1. The mixture was poured into a custom made mold.
The mold consisted of a cylindrical tube with a central port. The inner lumen was created by
inserting tubing in the center of the mold. The mold, containing the mixture, was frozen at
−80°C for 3 hours and then lyophilized for 24 hours. The scaffolds were neutralized in 0.2
M NaOH and covalently crosslinked with heparan sulfate using EDC. The scaffolds were
then washed several times with PBS and distilled water and then placed in 70% ethanol until
time of use.

2.4. Microscopic Analysis
RCSMCs were seeded on 2D composite chitosan matrices at a density of 20,000 cells per
well. Fresh growth medium was supplied every 2 days. Microscopic analysis was performed
on days 2 and 7 to determine whether the smooth muscle cells had attached to the chitosan
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membranes and to record their morphology. Cells grown on chitosan were compared to
control cell cultures, which consisted of RCSMC grown directly on tissue culture dishes (no
membrane).

2.5. Immunofluorescence Analysis
RCSMCs were grown to confluence on microscope chamber slides and were supplied with
growth medium. The cells were fixed, blocked and permeabilized. Primary antibodies
directed against smooth muscle markers; α-smooth muscle actin (F3777; Sigma) and
smooth muscle specific Caldesmon (c-4562; Sigma) were used. Fluorophore-conjugated
secondary antibodies were used to detect immunofluorescence using a Nikon Ti-E
fluorescence microscope.

2.6. Scanning Electron Microscopy
Lyophilized scaffolds were sectioned using a sharp scalpel. Cross sections were placed on a
stub with double sticky tape and colloidal graphite and then sputter-coated with gold prior to
examination under an AMRAY 1910 Field Emission Scanning Electron Microscope (FEG-
SEM). Porosity and average pore sizes were determined by scanning 3 images of the
scaffold and averaging the pore size using Sigmascan Pro 5 software (Systat software Inc,
San Jose, CA).

2.7. Fabrication of three-dimensional tissue constructs using rabbit circular smooth
muscle cells and placing them around a composite chitosan scaffold

The process of bioengineering three dimensional circular smooth muscle constructs is
similar to the one previously described using internal anal sphincter smooth muscle cells
[22]. Briefly, gels were fabricated by polymerizing 20 mg/ml of fibrinogen with 10 units of
thrombin. RCSMC density was adjusted to 2×105 cells/ml and 2 ml of solution was added to
fibrin gels. Plates were incubated in growth medium overnight. The next day, the growth
medium was replaced with differentiation medium to promote smooth muscle
differentiation. These fully formed, 3-dimensional bioengineered rabbit circular smooth
muscle (RCSM) tissue constructs remained stable in culture for 7 days until used for the
purpose of the experiment.

At day 7, RCSM tissue constructs were completely formed. Four of the constructs were
placed around a tubular composite chitosan scaffold and left in culture for an additional two
weeks. The four constructs were placed 1 mm apart.

2.8. Physiologic functionality measurement and testing protocol
The physiological functionality of the bioengineered rabbit colon tissue constructs was
assessed in terms of real-time force generation. The force measurements of the constructs
were conducted following the protocol previously described in human Internal Anal
Sphincter (IAS) and implanted mouse IAS constructs [25]. All constructs were tested using
an isometric force transducer with an attached vernier control (Harvard Apparatus,
Holliston, MA). The force transducer set up consisted of a warm tissue bath keeping the
tissue samples at conditions of 37°C ± 1°C. Noise and liquid measurements were evaluated
by recording air tension and warm liquid force respectively. The bioengineered RCSM
tissue constructs were taken off the scaffold at day 14 and real time force generation was
measured on each one. RCSM constructs that were not placed around the scaffold were also
tested as control.

One end of the tissue sample was hooked onto the measuring arm of the transducer and the
other end was hooked onto a fixed reference pin. Tissue constructs were allowed to
equilibrate in the tissue bath containing fresh medium. All reported values of force are active
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tension produced as a result of the tissue. The tissue constructs were immersed in the fluid
throughout the testing period to avoid any air vibration. After establishment of baseline, the
tissues were stretched by 10% – 15% using the micromanipulator. The same stretch was
maintained during the testing. The stretch baseline established by the tissue samples was
arbitrarily set to zero and the values represent change in force generation. Potassium
chloride (KCl) was used for testing electromechanical coupling, Acetylcholine (Ach) for
cholinergic stimulation and Vasoactive Intestinal Peptide (VIP) for relaxation. Before
addition of any reagent, the baseline was established. At the end of each experiment, the
tissues were washed with buffer and supplied with fresh basal DMEM.

2.9. Quantification of protein
Rabbit colonic circular smooth muscle cells grown on tissue culture plates were scraped
using PBS. Aliquots of 200,000 cells were lysed in 100 μl of lysis buffer
(Radioimmunoprecipitation assay buffer) by sonication. The lysates were centrifuged at the
end of which the pellets were discarded. For protein quantification, 2 μl of the protein
extract was removed and added to water. Coomassie blue dye was added to the solution and
absorbance was measured at 490 nm. The results were plotted against a standard curve made
with γ-globulin ranging from 0 to 11.5 μg/μL. Total protein was then calculated by
extrapolation for the volume of the lysate. All reported forces are expressed in terms of
Newtons per gram of protein content in the bioengineered constructs.

2.10. Data Analysis
Force generation data was acquired using LabScribe2 (iWorx, Hanover, NH). GraphPad
Prism 5.01 for Windows (GraphPad Software, San Diego CA; www.graphpad.com) was
used for data analysis. Data was exported at 100 samples/second. All values were
normalized to millinewton per milligram of protein content in the bioengineered constructs.
Second order Savitzky-Golay smoothing was applied to raw data. Expressed values
represent mean and standard error of the mean. Student t-test was used to compare the
means. A p-value less than 0.05 was considered significant.

3. Results
3.1. Microscopic analysis

The ability of composite chitosan membranes to support attachment, viability and growth of
circular smooth muscle cells was evaluated. Rabbit circular smooth muscle cells were
seeded on composite-chitosan-coated wells and on non-coated wells of a 12 well plate for
comparison. Growth medium was supplied every other day for a period of 7 days.
Microscopic analysis showed good attachment of RCSMCs on composite chitosan
membranes at day 2 (Fig.1-B). Cells on composite chitosan membranes displayed the
normal spindle-like morphology of smooth muscle, when compared to cells on non-coated
wells (Fig.1-A). The cells showed uniform distribution on the composite chitosan
membrane. The smooth muscle cells maintained their spindle-like morphology (Fig.1-C, D)
at day 7 on both coated and non-coated wells. Thus, chitosan did not change the normal
morphology of the smooth muscle cells.

3.2. Immunofluorescence assay
RCMCs were cultured on cover slips coated with composite chitosan for one week and
growth medium was applied every 48 hours. The cells were analyzed by
immunofluorescence using antibodies to smooth muscle markers α-smooth muscle actin
(Fig.2-A) and smooth-muscle-specific heavy Caldesmon (Fig.2-B). All the cells cultured on
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composite chitosan membranes stained positive for both markers, indicating a highly
enriched population of smooth muscle cells. The nuclei stained positive with DAPI.

3.3. Characterization of composite chitosan scaffolds
Tubular chitosan scaffolds were fabricated using the freezing and drying method [15]. The
custom-made cylindrical molds consisted of cylindrical tubes with annular spaces. The mold
containing the chitosan-collagen mixture was frozen for 3 hours at −80°C and then
lyophilized for 24 hours. Figure 3A shows different tubular scaffolds fabricated with
different lengths ranging from 3 cm up to 12 cm. The diameter of the inner lumen and the
wall thickness of the mold were controlled during the manufacturing process by controlling
the tube sizes. The fabricated scaffolds had different wall thicknesses and different diameter
of central opening as seen in figure 3B. The porosity of the scaffolds was observed under
low power using a scanning electron microscope. Pore sizes were measured from 3 samples
and averaged using Sigmascan Pro 5 software. Figure 4 shows highly porous scaffolds with
mean pore size of 170 µm. Additionally, the pores had a uniform and homogenous pattern.

3.4. Bioengineered RCSM constructs placed around the tubular scaffold
The RCSM constructs were formed using the fibrin-based method [22]. The circular smooth
muscle cells were seeded on a fibrin gel. The cells were concentrically aligned around the
post at the center of the plate. The constructs were fully formed by day 7 in culture and they
were separated from the post using forceps. Figure 5 shows the RCSM construct with an
inner diameter of 5 mm and a thickness of 2 mm. The tubular scaffold had the following
dimensions: 2.5cm length, 5mm outer diameter and 3.25mm luminal diameter. The
bioengineered RCSM tissue constructs were placed around the composite chitosan tubular
scaffold and left in culture for 2 weeks (Fig. 6). The scaffold was easy to handle and there
was no sign of disruption or disintegration of the RCSM constructs while sliding them
around the scaffold. They maintained their integrity throughout the culture period of 14
days. Precaution was taken to ensure complete immersion of the scaffold along with the
constructs in medium. These bioengineered constructs did not adhere to the tubular scaffold
as they were easily taken off the scaffold at the end of the culture period. The bioengineered
constructs didn’t appear to change the structure of the scaffold as it maintained its luminal
patency.

3.5. Physiological testing of the bioengineered constructs
The muscle constructs were taken off the scaffold and immersed in a tissue bath for force
measurements using the force transducer set up. The response of the bioengineered
constructs taken off the scaffold was compared to that of the control constructs (that were
not around the scaffold). Pharmacologic studies were carried out to evaluate the maximal
contractile responses observed on the bioengineered constructs in response to depolarization
with KCl as well as in response to acetylcholine. Relaxation was determined in response to
VIP. All reported force values are expressed in Newtons per gram of protein content in the
bioengineered constructs.

3.5.1. Contractile Response—A final concentration of 60 mmol/L of KCl was added to
the 4 ml tissue bath containing the RCSM constructs taken off the scaffold (Figure 7-A) or
the control RCSM constructs (figure 7-B). The bioengineered constructs that were around
the scaffold and the control constructs both produced an increase in force generation with a
mean maximal contractile response of 0.48 ± 0.10 mN/mg of protein (n=3) and 0.48 ± 0.05
mN/mg of protein (n=4) respectively.

Acetylcholine was added after the bioengineered constructs established baseline. The arrow
indicates the time of treatment with Ach. Addition of 1 μM Acetylcholine to the RCSM
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constructs that were around the scaffold for 14 days (Fig. 8-A) caused a mean contractile
force of 0.55 ± 0.08 mN/mg of protein (n=4). Similarly, treatment of the control constructs
with 1 μM Acetylcholine caused a contraction with an average of 0.5 ± 0.17 mN/mg of
protein (n=4) (Fig. 8-B). Both groups of bioengineered RCSM constructs showed a
sustained contraction in response to Ach. The bioengineered constructs that were around the
scaffold preserved the integrity of their cellular receptors. Their maximal contractile
response seen with KCl and Ach was similar to that observed for the corresponding
responses in the control constructs that were not around the scaffold.

3.5.2. Relaxation Response—The ability of the RCSM constructs to relax in response
to 1 μM VIP was investigated. The observed relaxation in both the constructs that were
around the scaffold and the control constructs was rapid. An average relaxation of −0.79 ±
0.06 mN/mg of protein (n=3) was shown in the constructs that were around the scaffold
following the addition of VIP (Fig. 9-A). The control constructs showed an average
relaxation of −0.89 ± 0.18 mN/mg of protein (n=4) up on treatment with VIP (Fig. 9-B).
There was no difference seen in relaxation in response to VIP between the constructs taken
off the scaffold and the control constructs.

4. Discussion
Severe weight loss and malnutrition constitute a major threat to patients with extensive
bowel resections. Patients with inflammatory bowel disease typically require surgical
intervention. Surgical resection has shown improved conditions in patients but the chance of
recurrence is still high [26]. Tissue engineered intestinal grafts are beneficial to create
intestinal replacements or to lengthen the bowel. Smooth muscle is a crucial component of
the gastrointestinal system, and the myoarchitecture of the intestinal wall is of paramount
importance. The use of oriented smooth muscles to mimic the native tissue arrangement is
more advantageous than randomly seeding smooth muscle cells onto a scaffold. In
dysmotility, smooth muscle layer loses its ability to function normally. Thus, in intestinal
tissue engineering it is necessary to duplicate the structure and function of the muscle layers
in vitro. Dunn et. al. used fibroblast growth factor incorporated into a scaffold seeded with
smooth muscle cells in order to induce vascularization and to help regenerating the smooth
muscle layer of the intestine, which is a significant challenge in intestinal tissue engineering
[27].

Several challenges to tissue-engineer intestinal grafts reside in mimicking in vivo
arrangement of cells and extracellular components. Research is ongoing to bioengineer
scaffolds with aligned structure to serve the purpose of their application. Our group has
previously bioengineered longitudinally aligned colonic smooth muscle constructs [28]. The
specific alignment of these constructs is thought to be responsible for the similarity in force
generation between the bioengineered constructs and the native tissue. Other examples
include the use of tissue scaffolds with longitudinal grooves structures to enhance the
alignment of vascular smooth muscle cells [29]. A biodegradable polymer scaffold made out
of aligned nanofibers improved the adhesion, proliferation and alignment of vascular smooth
muscle cells while maintaining contractile phenotype [30]. Scaffolds with longitudinally
oriented structures are shown to be required for the reconstruction of injured peripheral
axons [31]. Graft replacements are usually developed using scaffolds and seeding them with
cells, but in our method, we successfully developed concentrically oriented smooth muscle
constructs to mimic the native architecture. The alignment of the cells was done using fibrin-
based 3D culture. The potential of placing the muscle constructs around the tubular
composite chitosan scaffold for 14 days with the ability to maintain physiological
functionality in vitro is promising for intestinal regeneration. Our approach has the
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advantage of combining bioengineered muscle constructs aligned in an identical way to the
native tissue with a biodegradable chitosan scaffold.

In this study, a 2 w/v % medium molecular weight chitosan solution was used to prepare the
scaffolds by the freeze-drying method. Scanning electron microscopy was employed to
characterize the porosity of the scaffold. Our results revealed a porous scaffold with an
average pore size of 170 μm. Porosity is essential in intestinal tissue engineering in order to
facilitate vascularization. Previous attempts to induce vascularization and to enhance cell
survival have seeded smooth muscle cells in bFGF-releasing collagen scaffolds [27]. To
mimic the physiological environment, we cross linked the scaffolds with heparan sulfate
because of the abundance of this glycosaminoglycan in the intestinal extracellular matrix
[32]. This is the first report that assesses the biocompatibility of chitosan using intestinal
smooth muscle. Our data indicates that chitosan was not toxic to these cells as they
maintained their spindle-like morphology. The rabbit intestinal smooth muscle cells
preserved their contractile phenotype and their smooth muscle specificity as shown by the
positive expression of differentiation markers (α-smooth muscle actin and smooth muscle
specific heavy Caldesmon). Moreover, the above findings show that these smooth muscle
cells were able to contract and relax in response to contractile and relaxant agonists, which
are functions associated with high level of differentiation.

In recent years, acellular collagen scaffolds or collagen scaffolds seeded with mesenchymal
stem cells have been developed. Results have shown lack of smooth muscle layer
regeneration which is essential for the functionality of the tissue-engineered intestine [9, 33].
Other approaches have used collagen sponges seeded with smooth muscle cells as a
potential for intestinal regeneration [10]. The main limitation is the lack of a functional
smooth muscle layer. In our study, the three-dimensional circular smooth muscle tissue
constructs were bioengineered by seeding circular smooth muscle cells isolated from rabbit
colon in a thrombin polymerized fibrinogen hydrogel. The cells were self-organized
concentrically around the central post of the plate and formed three-dimensional ring-like
structures. We showed that 14 days post-placing the muscle constructs around the composite
scaffold in culture, they displayed characteristics of colonic physiology, including
contraction and relaxation mediated by physiologically relevant neurotransmitters like
Acetylcholine and Vasoactive Intestinal Peptide. We were able to slide the constructs
without causing rupture, and this shows the flexibility of the composite chitosan scaffold.
During the culture period, the composite chitosan scaffold did not cause damage to the tissue
constructs as they maintained their integrity and morphology. Also, there was no sign of
damage to the scaffold throughout the culture period as it retained its luminal patency.

Some studies have seeded collagen scaffolds with autologous smooth muscle cells to
regenerate the intestine. The smooth muscle cells formed a circular smooth muscle layer
similar to in vivo arrangement, but there was no evidence for functionality [10]. The group
of Vacanti has reported the use of intestinal organoids derived from animal guts to seed
polymer scaffolds in order to regenerate the intestine [7, 34]. Histological studies have
shown positive staining for the muscularis propria and electrophysiological studies have
shown similar parameters to the native colon tissue [34]. In our case, the force generated by
the constructs that were around the scaffold was compared to that of the control ones. Force
was expressed in terms of Newton per microgram of protein content in the constructs. The
RCSM constructs taken off the scaffold displayed a physiologic response to KCl in a way
similar to the control constructs. This shows the maintenance of the electromechanical
coupling and integrity of the cell membrane of the constructs after being placed around the
composite chitosan scaffold for 14 days. Smooth muscle receptor-mediated contraction in
response to Ach has been previously reported [35, 36]. Both the constructs that were around
the scaffold and the control constructs demonstrated a similar sustained contraction with the
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addition of 1 μM Ach. This indicates that the smooth muscle cells in the RCSM constructs
maintained their receptor integrity after being around the composite chitosan scaffold for 14
days. Smooth muscle relaxation has been documented to be dependent on protein kinase
PKA [37, 38]. There was no difference in relaxation response between the constructs taken
off the scaffold and the control constructs, which proves again that chitosan did not affect
the receptors on the smooth muscle cells. Preincubation of our bioengineered constructs in a
medium containing PKA inhibitor abolished the relaxation seen with VIP (data not shown),
which means that the intracellular signaling pathway leading to relaxation was also
preserved. Our constructs produced only a fraction of the contractile response (13%)
compared to muscle strips from rabbit sigmoid native colon tissues (data not shown). The
difference in response compared to native tissue was reported in previous studies using
vascular smooth muscle cells [39, 40].

Alignment of smooth muscle cells is essential for muscle peristaltic function and therefore
for the coordination of motility. To date, several scaffolds have been successfully seeded
with smooth muscle cells and have shown to be capable of maintaining the smooth muscle
characteristics. However, these structures lack the orientation of the native tissue, which is
considered as the gold standard for treating colonic motility. Until today, no work has been
done to successfully bioengineer concentrically oriented smooth muscle tissue constructs
however our bioengineered constructs are expected to provide promising results in
regenerating gut motility and functionality. Hori et. al. have used collagen sponges seeded
with mesenchymal stem cells to reconstruct the intestine. Their results showed cells
positively stained with α-SMA on the scaffold but there was no regeneration of the muscle
layer [33]. Our model suggests the potential use of chitosan as an appealing biomaterial in
the field of intestinal regeneration. Chitosan can easily form a porous tubular scaffold that
can serve as a temporary support for physiologically functional smooth muscle constructs. In
this study, we provide evidence that RCSM constructs exhibited fundamental functional
characteristics of intestinal tissues. In the future, it will be necessary to include other cell
types in the bioengineering of these muscle constructs in order to gain higher force.

5. Conclusion
Tissue engineering of the intestine imposes the challenge of regeneration the smooth muscle
layer. This present study describes the use of chitosan as a biomaterial in intestinal tissue
engineering applications. The use of aligned smooth muscle constructs is beneficial to the
restoration of intestinal motility and propulsion of the intestinal content. The evidence of
functionality of the smooth muscle constructs after being placed around the composite
chitosan scaffold suggests the potential use of this biomaterial to produce a functional tissue.
Ongoing work in our laboratory aims to create a continuous circular smooth muscle layer
around the tubular scaffold and to characterize its physiological functionality and
mechanical properties. Additional studies also intend to explore the ability of chitosan to
support the regeneration of the intestine.

Impact Statement

The work presented in this paper shows the potential use of bioengineered smooth
muscle constructs around a chitosan-based scaffold for regenerating intestinal segments.
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Figure 1.
Microscope pictures of RCSMCs on tissue culture plates (A, C) and composite chitosan
membranes (B, D) at day 2 (A, B) and day 7 (C, D) after cell seeding. Pictures were taken at
10X magnification. Cells attached on composite chitosan membranes and they maintained
spindle-like morphology, a characteristic of smooth muscle cells.
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Figure 2.
Immunofluorescence assay on RCSMCs grown on composite chitosan membranes for α-
smooth muscle actin (A, green color) and smooth muscle specific heavy Caldesmon (B,
green color). Nuclei stain 4′-6-diamidino-2-phenylindole (DAPI) appears in blue. Cells
stained positive for α-SMA and smooth muscle specific heavy Caldesmon, indicating the
maintenance of smooth muscle contractile phenotype on composite chitosan membranes.
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Figure 3.
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Composite chitosan tubular scaffolds with different lengths ranging from 3 cm up to 12 cm
(A) and different lumen diameters and wall thicknesses (B).
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Figure 4.
Scanning Electron Microscopy: A section of the scaffold was mounted on a stub and coated
with gold using sputter coater. Porosity was characterized by SEM under low power. The
image depicted a highly porous scaffold with uniform pore structure at 300X (A) and 500X
(B). The mean pore size was found to be 170 μm.

Zakhem et al. Page 22

Biomaterials. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Day 7 - Three dimensional RCSM bioengineered construct with concentrically aligned
smooth muscle cells. The internal lumen diameter is 5 mm and wall thickness is 2 mm.
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Figure 6.
Four bioengineered constructs were mounted around the composite chitosan tubular scaffold
and maintained in culture for 2 weeks. Tissue constructs were placed 1 mm apart.
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Figure 7.
Real time force generation was measured on the constructs taken off the scaffold at day 14
and on the control constructs using a force transducer. The graphs show the average force
generated up on treatment with 60 mM potassium chloride (KCl) of an average of 0.48 ±
0.10 mN/mg of protein (n = 3) in the constructs that were around the scaffold (A) and 0.48 ±
0.05 mN/mg of protein (n = 4) in the control constructs (B). Addition of KCl is marked by
the arrow at 180 seconds. Representative tracings for 3D bioengineered scaffold and control
constructs have been chosen.
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Figure 8.
Response in μN/μg of protein of the constructs that were around the scaffold (A) and
control constructs (B) to Acetylcholine (Ach). Addition of 1μM of Ach is marked by the
arrow. The constructs taken off the scaffold generated an average contraction of 0.55 ± 0.08
mN/mg of protein (n = 4) and the control constructs showed an average contraction of 0.5 ±
0.17 mN/mg of protein (n = 4). This graph is a representative figure.
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Figure 9.
RCSM constructs taken off the scaffold at day 14 (A) and control constructs (B) were tested
for relaxation with Vasoactive Intestinal Peptide (VIP). VIP caused an average relaxation of
−0.79 ± 0.06 mN/mg (n = 3) in the constructs that were around the scaffold and an average
of −0.89 ± 0.18 mN/mg (n = 4) in the control constructs. This graph is a representative
figure.
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