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Abstract

The gastrointestinal (GI) tract is imperative for multiple functions including digestion, nutrient absorption, and
timely waste disposal. The central feature of the gut is peristalsis, intestinal motility, which facilitates all of its
functions. Disruptions in GI motility lead to sub-optimal GI function, resulting in a lower quality of life in many
functional GI disorders. Over the last two decades, tissue engineering research directed towards the intestine has
progressed rapidly due to advances in cell and stem-cell biology, integrative physiology, bioengineering and
biomaterials. Newer biomedical tools (including optical tools, machine learning, and nuanced regenerative
engineering approaches) have expanded our understanding of the complex cellular communication within the GI
tract that lead to its orchestrated physiological function. Bioengineering therefore can be utilized towards several
translational aspects: (i) regenerative medicine to remedy/restore GI physiological function; (ii) in vitro model
building to mimic the complex physiology for drug and pharmacology testing; (iii) tool development to continue
to unravel multi-cell communication networks to integrate cell and organ-level physiology. Despite the significant
strides made historically in GI tissue engineering, fundamental challenges remain including the quest for identifying
autologous human cell sources, enhanced scaffolding biomaterials to increase biocompatibility while matching
viscoelastic properties of the underlying tissue, and overall biomanufacturing. This review provides historic
perspectives for how bioengineering has advanced over time, highlights newer advances in bioengineering
strategies, and provides a realistic perspective on the path to translation.
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Introduction
The anatomy and physiology of the gastrointestinal tract
(GI) is of poetic complexity, due to its diverse cellular
players, integration of neural, immune, secretory, ab-
sorptive, and motility signals [1–3]. In addition to the
variety of specialized cell types the GI tract contains, its
function is also influenced by the presence of the intes-
tinal microbiome, chronic stress, inflammation, and
neural regulation via the brain-gut axis [4–6]. The com-
plex nature of the GI tract makes its pathophysiology

both challenging to diagnose and treat. Central to intes-
tinal physiology is the mechanics of peristalsis, intestinal
motility which occurs from esophagus to anus in varying
patterns of propagating contractions and relaxations
interrupted by sphincters or valves [7]. Disruptions in
peristalsis are central to several GI diseases and disor-
ders, and can even be secondary to diabetes, Parkinson’s
disease, and autism spectrum disorders. These disrup-
tions in GI motility often result in a class of disorders
known as functional gastrointestinal disorders (FGIDs)
since they disrupt the homeostatic functions of the GI
tract that include digestion, absorption, luminal trans-
port, and waste disposal [8]. Often, FGIDs manifest as
disruptions in quality of life due to symptoms such as
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abdominal pain, bloating, nausea and vomiting, diarrhea,
and constipation. The traditional mainstay to treating GI
dysfunction is symptomatic relief with pharmaceuticals,
and in severe and specialized clinical cases, surgery.
However, in recent times, the advent of stem cell and
tissue engineering has brought with it the possibility of
repairing intestinal motility and FGIDs with cell-based
therapies [9–13]. With the generation of more sophisti-
cated 3D bioengineered models, the field has been able
to understand the underlying cell-to-cell interactions
and pathophysiology of GI diseases – this will ultimately
allow for patients with GI dysfunction to receive tar-
geted, personalized treatments through tissue engineer-
ing [14]. It is important to note that FGIDs are but a
tiny class of intestinal diseases and disorders, and it is
beyond the scope of this mini review to outline the com-
plex pathophysiologies associated with the gut, well-
reviewed by several experts [15–20]. Of note, there are
also many in depth reviews on advances in bioengineer-
ing to create intestinal models to facilitate the study of
host-microbial interactions, toxicology, and drug absorp-
tion across engineered epithelial layers [21–24]. The
focus here is towards restoring intestinal motility/peri-
stalsis, and bioengineering advances towards that.
Over the last 20 years, many animal models have been

developed for FGID [25, 26]. Progressively, these models
evolved to mimic key features of conceptual FGID
models that are triggered by centrally targeted stimuli
(neonatal stress, post-traumatic stress disorder) or those
triggered by peripherally targeted stimuli (infection, in-
flammation) [27, 28]. These models have even thus
evolved into using transgenic and knockout animals, as
well as the demonstration of predictive legitimacy in
terms of responsiveness to candidate drugs [28]. While
in vivo models replicate these complex interactions, they
are famously difficult for variable isolation and specific
parameter control for translational and fundamental dis-
coveries [21, 29–31]. Originally described in 1994 [32],
the development of tissue-engineered intestine has now
been shown in both small and large animal models [33–
36]. It is here that bioengineered in vitro models offer a
pathway to simplify and break down in vivo variables
and study them in well-controlled conditions for obser-
vation of cell response or physiology. Advances in tissue
engineering has led from 2D monolayers of tissue cul-
ture into 3D cultures of self-organized systems that
closely mimic in vivo physiology of the gut and the ap-
plication of bioreactors to incorporate a closer micro-
environment of the GI. Of note, the key
pathophysiological feature of FGIDs is disruptions in in-
testinal motility – therefore, this will be the focus of our
mini-review.
In this review, we will dive deep into various tissue en-

gineering models relevant to FGIDs with recent

advances within the intestinal tract, challenges of tissue
engineering (both historic and current), as well as ex-
ploring what comes after in vitro modeling and the
translation of these results into the clinical studies.

Key cellular players of gastrointestinal motility
The gastrointestinal tract is composed of four general
concentric layers (from the innermost to the outer-
most): the mucosa, submucosa, muscularis externa,
and the serosa and contains subcomponent layers that
contribute to the structural and functional compo-
nents [37]. These layers are illustrated in Fig. 1, and
broken down into their subcomponents. Located be-
neath the outermost serosal layer, the muscularis
externa layer consists of an inner circular and outer
longitudinal muscle layer, which collectively range
from 1.1 to 2.4 mm in thickness [37–39]. Smooth
muscle cells (SMCs) are elongated contractile cells
contained in both the circular and longitudinal
muscle layers of the muscularis layer of the GI tract
and are the driving force behind peristalsis and motil-
ity. SMCs must maintain a mature, contractile pheno-
type and be properly oriented (i.e., concentrically in
circular layers, and elongated axially in longitudinal
layers) in order to produce coordinated GI contrac-
tions of a physiologically appropriate magnitude [40–
42]. Coordination between the outer longitudinal and
inner circular SMC layers is important to result in
coordinated multiaxial propagating strain (contractile
and relaxant portions) of the peristaltic wave. This is
the trickiest portion in GI tissue engineering, ensuring
the orientation of the two SMC layers relative to one
another is of high fidelity, and the maintenance of the
contractile phenotype of SMCs.
The enteric nervous system (ENS) regulates contrac-

tion and relaxation of the SMCs via an intrinsic neural
network that combines excitatory, inhibitory and inter-
neurons [40, 43]. The ENS is organized into two plex-
uses: the myenteric plexus is sandwiched between the
outer longitudinal SMC layer and the inner circular
SMC layer; while the submucosal plexus sits between
the inner circular SMC layer and the epithelial/mucosal
layers of the gut [44, 45]. The myenteric plexus coordi-
nates SMC contraction and the propulsion of intestinal
contents, while the submucosal plexus primarily controls
intestinal secretion and absorption [44–46]. SMCs and
enteric neurons are also in close proximity to interstitial
cells of Cajal (ICCs), which act as the “pacemakers of
the gut” [47]. Slow waves generated and propagated by
ICCs serve the purpose of depolarizing and polarizing
the membrane potentials of SMCs via voltage dependent
Ca2+ channels, adding to the electromechanical coupling
[48]. These slow waves add an additional layer of control
over the rhythmic contraction and relaxation of SMCs.
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In addition to SMCs, enteric neurons, and ICCs,
gastrointestinal function and motility is also influenced
by the activity of various immune cells such as macro-
phages, mast cells, T cells, and natural killer cells that
integrate signals from the mucosa. Macrophages are
present throughout the entire gastrointestinal tract [49].
Intestinal macrophages phagocytose bacteria and patho-
gens that attempt to cross the epithelium, and they
interface with SMCs and enteric neurons via bone mor-
phogenetic protein 2 (BMP2) and bone morphogenetic
protein receptor to regulate colonic contractility and
peristalsis, respectively [49, 50]. Mast cells (MCs) are
also present throughout all layers of the GI tract and
help to maintain intestinal homeostasis [51]. MCs re-
lease a variety of mediators during degranulation such as
tryptase, histamine, serotonin, and cytokines, which
regulate GI function by stimulating epithelial cells, intes-
tinal macrophages, and enteric neurons [52]. T cells me-
diate intestinal homeostasis and inflammation by
interacting with lumen microbes and metabolites, com-
municating with epithelial cells, and protecting against
various pathogens [53]. During intestinal inflammation,
T cells invade the muscularis layer of the GI tract from
the mucosa and release cytokines (IL-4 and IL-13), amp-
lifying the contractile activity of SMCs [54]. Natural
killer (NK) cells also modulate intestinal homeostasis
and immune response development through their inter-
actions with other GI cells such as macrophages, T cells,
and epithelial cells [55]. Additionally, NK cells produce
IFNγ, which likely disrupts intestinal motility by sup-
pressing the contractile activity of SMCs [56]. The
neuro-immune level of communication is important to
integrate signals from the gut microbiome and the

intestinal epithelium to modulate communication [57],
but is beyond the scope of this review. The focus of this
review remains on the effectors of intestinal motility,
namely the smooth muscle layers and their regulatory
units.

Current approaches to GI bioengineering
Bioengineering within the GI tract can be used for sev-
eral applications ranging from unraveling cellular inter-
actions that contribute towards physiology or
pathophysiology, therapeutic screenings, and regenera-
tive medicine [58]. In the last context, the goal of tissue
engineering is to restore, maintain or improve damaged
organs or tissue which has recently become increasingly
important to develop in tissues that are prone to degen-
eration, disease, or injury [14, 59]. There are a variety of
strategies that can be implemented in tissue engineering,
depending on the application or disease modeling such
as choosing the correct cell source, modeling organoids
with natural or composite scaffolds, and the addition of
bioreactor tools illustrated in Fig. 2. Of note, central to
the study or restoration of GI function is intestinal mo-
tility/peristalsis, which adds a layer of mechanical com-
plexity to the problem [60].
Here, we review the current tools and systems of bio-

mimetic in vitro gastrointestinal models available that
have been used to study disease pathophysiology, motil-
ity and intestinal physiology, tissue regeneration, cell-cell
interaction, cell-matrix interactions.

Cell sources used within the GI
For in vitro models, the cellular composition is the main
determinant of its physiological function and mechanical

Fig. 1 Schematic of the complex system of muscle layers, immune cells, and enteric nervous system within the gastrointestinal tract
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function to encompass intestinal motility. Choosing cells
that can rebuild a 2D layer or 3D layer of the human in-
testine outside of its physiological environment is the
optimal goal. One of the main challenges of utilizing ex-
perimental cell biology and tissue engineering in science
is the cell source in adult tissues. Cell isolation and ex-
pansion of intestinal smooth muscle cells, enteric neur-
onal and glial cells, ICCs, and/or epithelial cells require
complicated enzymatic digestion processes, and signifi-
cant investment into trophic factors for expansion into
adequate numbers and maintenance of cell viability over
long culture durations in vitro [23].

Primary and immortalized cell lines
Immortalized cell lines have historically been used for
in vitro modeling of intestinal epithelium- examples in-
clude several human colorectal cancer-derived cell lines
like Caco-2 cells [61, 62], HT-29, HT29-MTX, HRA-19
[63]. While the intestinal epithelium is no doubt an im-
portant contributor to physiological homeostasis and
motility, it is not the effector of motility, which are
smooth muscle cells, as described in Section 2. Further,
the primary regulator of motility, the enteric neuronal

component, has seen the use of immortalized fetal en-
teric neuronal cells of murine origin in bioengineering.
Immortomouse fetal enteric neuronal cells (IM-FENS)
have been established from H-2Kb-tsA58 transgenic
mice with successful neuronal characteristics similar to
primary enteric neurons and have been shown to im-
prove colonic motility [64, 65]. Fetal and adult murine
primary enteric neuron cultures have also been estab-
lished [66–69]. A discussion of stem cell sources for
generating a functional ENS is outlined in following
sections.
To date, however, there are no immortalized smooth

muscle cell lines of human origin available, and there-
fore, regenerative medicine and GI bioengineering of the
muscle layers have relied on other cell sources, including
primary and patient-derived sources. Primary cells are
isolated directly from the tissue and processed for cell
culture and can closely resemble in vivo phenotype [70].
Intestinal stem cells and intestinal organoids are major
sources for regenerating the intestinal epithelium and
can be sourced from human intestines in abundance. Re-
search has shown that human intestinal enteroids (orga-
noids specific to the intestine) can self-renew, expand

Fig. 2 Current GI strategies to engineer tissue engineered intestine include the careful selection of GI cell sources, generation of organoids with
natural or composite scaffold support, and bioreactor technologies
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indefinitely into intestinal epithelium cell types including
enterocytes, goblet cells, Paneth cells and enteroendo-
crine cells [71]. However, again, while the epithelium is
important in recreating the intestinal structure, it plays a
limited role in directly affecting intestinal motility.
In many FGIDs, colonic motility has been compro-

mised attributing to symptoms that can impede daily life
[8]. As outlined in Section 2, the key cellular effectors of
intestinal motility are smooth muscle cells (SMCs), en-
teric neurons and ICCs. SMCs can be isolated from in-
testines (murine, rabbit, non-human primate, and
human sources) through enzymatic digestions and prop-
agated in culture to attain adequate numbers necessary
for 3D bioengineering [40, 72–74]. Early work by Ragha-
van et al. and Gilmont et al. [75, 76] demonstrated the
isolation and bioengineering of SMCs from human in-
testinal biopsies. Not only did these cultures demon-
strate myogenic contractility (i.e., response to
exogenously added neurotransmitters), but SMCs also
maintained the contractile phenotype, evident by
Smoothelin expression. Smooth Muscle cells are the pri-
mary cell types within the muscular layers of the bowel
wall that facilitate motility [77] and have been imple-
mented into constructs to study peristalsis [78] and mo-
tility [23]. In conjunction with SMCs, Interstitial cells of
cajal (ICCs) were co-cultured providing intrinsic pace-
maker activity [40] and regulation of smooth muscle
function and showed to maintain maturity and function-
ality of both SMCs and ICCs [79]. ICCs are also import-
ant cell sources to mediate rhythmic contraction of
smooth muscle independently from the ENS with studies
displaying the phasic contractions within intestinal orga-
noid tissues, suggesting the phasic contractions are due
to ICCs [80].

Stem cell-based sources for the GI tract
Mesenchymal stem cells (MSCs) have been another
source of cells for GI bioengineering and can be derived
from bone marrow [81, 82]. MSCs can differentiate into
epithelial cells [83] and smooth muscle cells [84] and act
as a cell source for tissue engineering of the small intes-
tine. Current advancements have extended into bioma-
nufacturing MSCs for major expansion in therapeutic
use under good manufacturing practices that utilizes as-
says to ensure the efficacy and quality safety of MSCs
[85–88]. Induced pluripotent stem cells (IPSCs) have
been utilized to derive enteric neural crest cells resulting
in proliferative migratory neuronal and glial cells of
damaged intestine tissue [89]. Other sources to target
ENS include embryonic stem cells [90, 91], which can
differentiate into neural crest cells, neural precursors,
and neurons [92–95]. CNS stem cells; experiments using
neural stem cells (NSCs) derived from the CNS have
strongly supported the idea that stem cells, when

transplanted into the intestine, are capable of improving
motility disorders [96]. Similar findings were reported in
studies using transplantation of neuroepithelial stem
cells, derived from the rodent neural tube, into gangli-
onic rat colon, with the result that gut motility was im-
proved [97].

Neural stem cells Embryonic stem-derived neural pre-
cursors have been shown to generate successfully both
central and peripheral neurons, glia, enteric neurons,
and other neural crest derivatives [98–100]. Another
major cell population that aids in intestinal motility are
enteric nerve stem cells (ENSCs) which regulate relax-
ation and contraction of the intestinal wall. ENSCs
within the submucosal plexus micromanages the lumen
environment and regulates gastrointestinal blood flow as
well as controlling the epithelial cell functions and secre-
tion [101]. ENSCs isolated from the intestine have been
shown to differentiate into neural crest-derived cell types
and ENSCs from the ganglionic colon are able to differ-
entiate into neurons and glia in vivo and ex vivo of chick
embryos [102] with intestinal motility assessed in a simi-
lar study measuring changes of intraluminal pressure
through electric field stimulation (EFS) [97]. A combin-
ation of smooth muscle cells and neural stem cells pro-
vides the route for developing a functional innervated
muscularis layer. Neural crest cells (NCCs), a potential
source of autologous neuronal cells, neuroepithelial stem
cells, ENS progenitor cells derived from fetal and post-
natal mouse and human guts have all been reported to
aid in intestinal motility [96, 97, 103–106]. NCCs have
also gained popularity in their ability to differentiate into
neurons and glial cells with expressed phenotypic
markers characterized of the enteric nervous system
[107]. Neural crest stem cells (NCSCs) derived from
MSCs and human induced pluripotent stem cells
(hIPSCs) have been shown to also differentiate into
smooth muscle with confirmed phenotypic expression of
a-smooth muscle actin and functional enteric-like neu-
rons expressing functional enteric neuron markers [107].

The use of organoids in bioengineering
Organoids are defined as an in vitro 3D culture obtained
from primary tissue, embryonic stem cells (ESCs) or
IPSCs, that are capable of self-organization, multicell-
complex and manifest similar organ functionality as the
tissue of origin [108, 109]. Organoids have been able to
provide the ability to establish a well-controlled system
via external manipulation and mimic vivo physiology, re-
spectively. Human intestinal organoids (HIOs) were
combined with human-PSC-derived neural crest cells
(NCCs) and in vitro results showed migration of NCCs
into the mesenchyme, differentiated into neurons and
glial cells showing neuronal activity. In vivo engraftment
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in mice for 6–10 weeks showed formed neuroglial struc-
tures similar to a myenteric and submucosal plexus and
had functional ICCs [80]. Smooth muscle cells co-
cultured with adipose-derived stem cells exhibited im-
proved cell proliferation, contractility, and organoid for-
mation similar to smooth muscle cells [110], rendering
human organoids a reliable source of cells to recreate
human intestinal structures.
Human pluripotent stem cells have been used to en-

gineer human colonic organoids transplanted into mice
where they matured into tissue similar to human colon
through RNA sequencing [111] and human gastric orga-
noids which encompassed both the corpus and the an-
trum [112]. Organoids were implemented to study IBS
through cultured 3D embryonic stem cells differentiated
into HIOs and in contrast to other organoids, these ma-
ture organoids grew with a higher count of mesenchy-
mal cells and used these organoids to test the anti-
fibrotic drug, spironolactone, in vitro. Results indicated
the clinical and research potential of intestinal organoids
as a future model of fibrosis, a model which has thus far
been limited to less biologically relevant models and ani-
mal models [113]. Although there are a variety of orga-
noids being developed, most of these organoid models
only represent single or partial components of a tissue.
Bioactive factors or oxygen delivery may not be uniform
throughout the system resulting in lacking or undesired
differentiation.

Scaffold-based bioengineering approaches in GI
Scaffolds are architectural support systems in bioengin-
eering, designed to house cells and provide structural in-
tegrity of tissue engineered constructs. Scaffolds have
been engineered to promote a diverse array of functions
that mimic in vivo environments such as structural sup-
port, mechanical stability, interactive bioactive cues, res-
ervoir for exogenously applied growth factors and void
volume for vascularization or tissue remodeling [114]. In
their utility in intestinal tissue engineering with a focus
on motility, we review two overarching types of scaf-
folds: 1) naturally derived/ECM based scaffolds 2) Poly-
meric and composite scaffolds.

Naturally derived/ECM based scaffolds
The ECM is in a state of dynamic reciprocity with resi-
dent cells; that is, ECM provides signaling and biophys-
ical cues that influence cell morphology and phenotype
[115, 116]. In turn, cells modify their secreted ECM
products in response to microenvironmental signals in-
cluding mechanical stimuli, oxygen, and nutrient con-
centration [117]. Small intestinal submucosa (SIS) was
an early biomaterial scaffold used in GI bioengineering,
derived from porcine small intestine incorporates many
essential components such as growth factors,

glycoproteins, collagen, and proteoglycans [118–120].
Preliminary work tested the implantation of cell-free SIS
scaffolds in white rabbit models for the potential of in-
testinal regeneration, and results showed that by 4 weeks
of implantation, the lumen of the SIS regenerated to the
small intestinal mucosa including signs of goblet cells
and villus like structures [121]. SIS scaffolds also were
used in repair of a partial defect created by resection of
a portion of the small bowel in canine models which re-
sulted in regeneration of smooth muscle tissue, and the
serous membrane with no evidence of intestinal dysfunc-
tion or stenosis [122]. A clinical study done on patients
suffering with enterocutaneous fistula (ECF), a condition
where the intestinal tract develops an abnormal connec-
tion with the skin and stomach causing leakage through
the skin, underwent a treatment of autologous platelet-
rich fibrin glue (PRFG) showing an increase in the time
of fistula closure rates [123, 124]. An injectable enzyme-
resistant dietary fiber, xanthan, hydrogel was engineered
to aid in ECF closure, in contrast to fibrin sealant which
also contains anti-digestive properties, the hydrogel of-
fers the opportunity for intestinal gut-barrier function
repair and displayed reversible shrinking-swelling char-
acteristics which could aid in the extraction of the
hydrogel in vivo [125]. Collagen has also been utilized
as a naturally derived scaffold and been shown to
successfully show a defined epithelial layer and
smooth muscle layer seeded with smooth muscle cells
and iPSC derived-smooth muscle progenitor cells
(SMPs) [126, 127] and cyclic mechanical testing of
collagen scaffold contained more elastin and seeded
SMCs exhibited a contractile phenotype [128]. Further
study was done on collagen scaffolds seeded with
SMCs to investigate the regeneration of endocrine
cells and the nerve system in vivo of canine model
within the small intestine [129]. Another naturally de-
rived element used in scaffolds is chitosan which have
been tested as a support system for bioengineered cir-
cular muscle constructs seeded with colonic smooth
muscle cells and enteric neural progenitor cells. Dif-
ferentiated functional neurons were shown through
real time force generation and staining showed in-
nervation of SMCs [75, 130–132]. Finally, a 3D bi-
layered silk protein scaffold has been utilized as a
support ECM for intestinal smooth muscle cells and
have been shown to support cell function, differenti-
ation, and neurite growth [133].
With most naturally derived ECM scaffolds, they are

fantastic in showing biocompatible and biodegradable
characteristics, but they are lacking in control of specific
factors that can include batch to batch variability, mech-
anical strength, and porosity. However, synthetic scaffolds
have been widely used as well for their increased mechan-
ical strength, reproducible/controllable mechanical-
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chemical properties, and controllable biodegradation rates
[134] which will be discussed in the next section.

Polymeric and composite scaffolds
Polyglycolic acid (PGA) scaffold has been a standard tool
of tissue-engineering experiments and has evolved to be
commercially available in the form of biodegradable su-
tures [135–138]. PGA scaffolds have been widely used
and offer a unique ability to be optimized for further
compatible characteristics of native tissue. For example,
tubular PGA scaffolds were prepared by a coating of
poly-L-lactic acid (PLLA), then seeded with crypt stem
cell organoids and implanted into peritoneal cavity of
nude rats. After 4 weeks of implantation, mechanical and
porosity properties were assessed of the tissue engi-
neered intestine. Results showed that PLLA coating in-
creased suture retention strength, the peak strength
when the surgical wire is pulled out the wall of the tube,
and decreased porosity size [139]. PGA scaffolds have
also been successfully shown to grow a smooth muscle
layer with ability to perform under cyclic strain promot-
ing elastin production and a contractile phenotype simi-
lar to native tissue [128, 140–143]. Degradable poly
(ethylene glycol) (PEG) hydrogel scaffolds have been uti-
lized to study autologous smooth muscle cell motility
phenotype within the synthetic biomaterial. Results
showed increased expression of α-smooth muscle actin
and myosin including the proliferation of the SMCs on
the scaffold [144]. Mesenchymal stem cells were seeded
onto a hybrid scaffold consisting of oxidized polyvinyl al-
cohol (OxPVA) hydrogel cross-linked with decellularized
intestinal wall for in vitro study of support cell adhesion
and proliferation and in vivo study transplanted in the
omentum of rats for 4 weeks for a potential application
platform in malabsorption diseases, a disorder where the
small intestine cannot absorb enough of certain nutri-
ents and fluids [145]. In 2019, work was considered to
improve the mechanical properties of the SIS scaffold by
reinforcing the tubular SIS with polylactic-co-glycolic
acid (PLGA) nanofibers. This facilitated in giving direc-
tional growth support for smooth muscle cells which
can be used for a model to study peristalsis [146].
Although scaffolds have proven to be an essential part

of studying cellular mechanisms and a steppingstone for
mimicking microenvironments, there are limitations that
hamper the study of biological activity with the associ-
ated microenvironment. Several in vivo studies have fo-
cused on large animal models using collagen sponge
scaffolds seeded with intestinal smooth muscle to repair
patches of intestinal tissue. Despite limited success with
formation of epithelial layers, these studies have found it
difficult to replicate the alignment and contractile func-
tion of smooth muscle cells in vivo which is vital for suf-
ficient nutrient absorption and motility [23, 147, 148].

However, these studies have successfully been able to
grow SMCs with expression of α-smooth muscle actin.

Bioreactor systems
Bioreactors have facilitated cell-based therapies to help
maintain well-controlled microenvironments that regu-
late cell growth, differentiation, and tissue development
[80, 149–151]. Through their ability to increase the mass
transport of oxygen and nutrients and the role of provid-
ing controlled environments for reproducible mechan-
ical forces, including magnitude, frequency, continuous
or intermittent, duty cycle, to 3D constructs. Bioreactors
have become essential for providing standardized cell-
based products or establishing physiologically relevant
in vitro models to test pharmacologic agents resulting in
different designs of bioreactors with the end goal of cell
expansions [152–156]. Even more, bioreactors have an
amazing opportunity to be used to study pathophysio-
logical effects of physical forces on developing tissues,
and to predict the responses of an engineered tissue to
physiological forces upon implantation. In conjunction
with biomechanical characterization, bioreactors could
help in defining when engineered tissues have a suffi-
cient mechanical integrity and biological responsiveness
to be implanted [157]. Simultaneously, gut-on-a-chip
systems, evolved from tissue engineering, have been able
to establish a minimally functional unit that can recap-
itulate certain aspects of human physiology in a con-
trolled and straightforward manner [158].
Significant efforts have been made to capture a dy-

namic microenvironment that compares that of intes-
tinal conditions. The perfusion bioreactor was developed
with intestinal organoid units cultured on biodegradable
tubular polymer scaffolds with confirmed live cell at-
tachment for 2 days which has some implications for
long-term culture and bioengineering of intestinal cells
[159]. A more recent bioreactor model attempted to
mechanically mimic the contraction and relaxation cy-
cles of the intestine tissue using electro-responsive
elastomeric membrane for in vitro modeling [160]. This
design better imitated the cyclic peristalsis within the in-
testine through sinusoidal voltages mimicking amplitude
and frequency of intestinal contractions. Pulsatile perfu-
sion bioreactors have been utilized to increase SMC and
collagen production seeded onto 3D PLCL scaffolds sub-
jected to pulsatile strain and shear stress for up to 8
weeks. Smooth muscle phenotype expression was mea-
sured through α-smooth muscle actin and found to be
upregulated by a 2.5-fold compared to smooth muscle
cultured in static conditions [161]. Another study fo-
cused on intestinal smooth muscle periodic contraction
facilitated through spontaneous Ca2+ oscillation. The
constructs were examined with expression of ICC, SMC,
and neuronal markers, and more than 3-fold cell growth.
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Periodic contraction directionality of period constriction,
and frequency of rhythmic contractions [79]. Bioreactors
have also been utilized to differentiate adipose derived
stem cells (an autologous cell source) into smooth
muscle cells of decellularized scaffolds increasing the
SMC phenotype expression and studying the contraction
phenotypes upon collagen gel plating [162].

Future perspectives and the path to translation
The path to clinical translation of bioengineered intestinal
constructs is certainly not as tenuous as it seemed even a
decade ago. Some efforts have progressed into the clinical
trials, where earlier animal studies confirmed the thera-
peutic efficacy of bone marrow derived MSC in treating
colitis [163, 164], and clinical trials in humans also vali-
dated their safety and some positive effect in Crohn’s dis-
ease [165–167]. Simultaneously, many SIS constructs have
been broadly accepted and in several clinical applications
[168–174]; however, many other SIS constructs, including
most tissue engineering models discussed within this re-
view, are still in the in vitro and pre-clinical phases for in-
testinal disease application of regenerative medicine
within intestinal motility disorders. Despite the success of
tissue engineered strategies in preclinical translational re-
search, very few have had success in the clinical market-
place which can be a result of unmet clinical needs [175,
176]. Efficacy and efficiency of new bioengineered solu-
tions must be carefully evaluated before clinical trials, with
careful consideration of clinical benchmarking during pre-
clinical evaluation [177, 178]. One of the main challenges
of utilizing experimental cell biology and tissue engineer-
ing in science is the cell source and cell expansion of in-
testinal cells require numerous isolations to expand to
adequate numbers, and maintain cell viability and pheno-
typic stability for longer durations [23]. In this context,
standardization and quality control of biomanufacturing is
a much needed next step that can make bioengineering a
common place reality in the clinic. Medical and ethical
considerations require intense preclinical investigations of
new biomedical products before introduction into clinical
applications. Similarly, tissue engineering also requires
comparable testing and development strategies including
the establishment of rigorous regulatory standards for
bioengineered product quality and physiological function-
ality. With expansion of clinical benchmarking standards
for performance of a bioengineered construct similar to
biomaterial devices, expansion and standardization of bio-
manufacturing, the last ingredient to this recipe is collab-
oration. A mandatory close collaboration between
clinicians and scientists (bioengineers, materials engineers,
biologists) is needed to translate basic scientific discoveries
in tissue engineered gut therapies to shorten the path of
bioengineering in the intestine to the clinic.
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