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Abstract

The intestinal muscle layers execute various gut wall movements to achieve controlled propulsion 

and mixing of intestinal content. Engineering intestinal muscle layers with complex contractile 

function is critical for developing bioartificial intestinal tissue to treat patients with short bowel 

syndrome. Here we report the first demonstration of a living intestinal muscle patch capable 
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of generating three distinct motility patterns and displaying multiple digesta manipulations. 

Assessment of cell contractility, cellular morphology, and transcriptome profile reveals that 

successful generation of the contracting intestinal muscle patch relies on both biological factors 

in a serum-free medium and environmental cues from an elastic electrospun gelatin scaffold. 

By comparing gene-expression patterns among samples, we show that biological factors from 

the medium strongly affect ion transport activities, while the scaffold unexpectedly regulates 

cell-cell communication. Analysis of the ligand-receptor interactome identifies the scaffold-driven 

changes in intercellular communication, and 78% of the upregulated ligand-receptor interactions 

are involved in the development and function of enteric neurons. Our discoveries highlight 

the importance of combining biomolecular and biomaterial approaches for tissue engineering. 

The living intestinal muscle patch represents a pivotal advancement for building functional 

replacement intestinal tissue. It offers a more physiological model for studying GI motility and for 

preclinical drug discovery.

Graphical Abstract

An engineered intestinal muscle patch is created for the first time in vitro to generate three distinct 

contraction modes. It shows record strength of contractility, strong enough to mix and physically 

triturate viscoelastic gels that mimic mechanical properties of the intestinal digesta. Generating 

such muscle patches depends on both biochemical signals from the medium and environmental 

cues from a bioscaffold.
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1. Introduction

Short bowel syndrome (SBS) is a life-threatening and devastating condition when a massive 

portion of the bowel length is lost, and the remaining intestine no longer absorbs enough 

nutrients to sustain life.[1-3] SBS represents the leading cause of intestinal failure.[1,4,5] With 

no restorative solution available, patients with SBS are mainly managed through prolonged 

intravenous parenteral nutrition, a treatment associated with poor quality of life, high 

financial burden, frequent hospitalization, and significant risk of severe complications.[1-6] 

Despite decades of efforts to optimize the management of SBS, its mortality remains high 

(up to 30 to 50%).[1,3,7] The striking incidence of death among SBS patients has motivated 

the search for novel therapies to treat or even cure SBS. Intestinal tissue engineering 

offers an alternative therapeutic solution for SBS by creating functional neo-intestine. 

Current advances in intestinal tissue engineering primarily focus on reconstructing the 

intestinal epithelial layer; however, few have aimed at intestinal muscle regeneration.[6] The 

intestinal smooth muscle layers subserve multiple important functions,[8-14] among which 

the best-known function of the intestinal muscle is to generate gut motility for controlled 

mixing and propulsion of the intestinal contents. The movement of the gut wall physically 

breaks down food, mixes the food with the digestive secretions, delivers the nutrients 

toward the absorptive surface, and transports intestinal contents along the tract. Regenerating 

intestinal smooth muscle layers with appropriate motility functions is crucial for developing 

a functional artificial intestine.

Even as early as 16 weeks of gestational age, gut motility is detected in human fetuses.[15] 

Coordinated contractions and relaxations of the circular and longitudinal smooth muscle 

layers give rise to a rich repertoire of motor patterns, which vary with dietary status, 

and dynamically change between interdigestive and postprandial states.[14,16] Such various 

motor patterns are achieved by a multitude of cooperating mechanisms involving different 

players within the muscle layers, including smooth muscle cells (SMCs), the pacemaker, 

interstitial cells of Cajal (ICCs), PDGFRα+ cells, and the enteric neurons.[14,17] Each of 

them forms its delicate cellular network, which intertwines and communicates with the 

networks of the other players throughout the whole intestine. Contractions of the gut 

wall require a synchronized movement of thousands of SMCs. To facilitate this highly 

coordinated activity, SMCs form electrical and mechanical junctions with each other.[14] 

They are also electrically coupled to their neighboring ICCs and PDGFRα+ cells, creating 

an electrical syncytium.[14] ICCs within the syncytium generate rhythmic slow waves that 

simultaneously activate numerous SMCs to force them to contract at the same pace.[18-20] 

Even the most seemingly simple motility pattern results from dedicated spatial and temporal 

control of muscle contractions by the enteric nervous system (ENS). For example, propelling 

the digesta down in the intestine requires SMCs to contract at the site of the digesta but 

relax in front of it.[21-24] When the digesta enters the intestine, sensory cells first detect the 

mechanical distortion and the chemical stimuli exerted by the digesta.[25-27] Then, the neural 
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network relays the transduced signals to the motor neurons, which, in turn, stimulate the 

organized muscle contraction/relaxation at the designated sites.[14,25,28] Other influencers, 

such as hormones, immune mediators, intestinal microbiota, and signals from the central 

nervous system, all participate in fine-tuning the motility patterns for specialized needs.
[14,16,17,25,29,30]

Efforts are being invested in regenerating these highly complex functional intestinal 

muscles. Various engineering strategies have regenerated smooth muscle that shows non-

spontaneous contraction.[31-35] Several other pieces of research show that primary intestinal 

organoids,[36,37] primary cells isolated from the intestinal muscle layers (IMCs),[38,39] or 

primary intestinal muscle strips[40] can exert spontaneous (in some cases, rhythmic[38,40]) 

contractions but only for no more than 14 days during in vitro culture. Contractile activity 

of IMCs can be extended to over ten weeks in vitro when they are co-cultured with 

feeder cells.[41] Short-term spontaneous contraction can also be achieved in the gut-like 

structure derived from embryonic stem cells,[42,43] embryonic intestinal progenitor cells,[44] 

or induced pluripotent stem cells (PSCs)[45] in vitro. For PSC-derived human intestinal 

organoids (HIOs),[46-48] ICC-dependent spontaneous contractions are observed after HIOs 

have been transplanted in mice for 6-12 weeks.[49-52] Incorporating uniaxial strain by an 

intestinal lengthening device enhances spontaneous contractions to a higher amplitude and 

duration.[52] HIOs exhibit neuron-mediated contractions when combined with PSC-derived 

neural crest cells or pre-migratory neural crest stem cells.[49-51]

Despite these advances, much work remains to be done before therapeutic avenues can open. 

Intestinal muscle executes a large variety of motor patterns to mix and break down the 

intestinal contents. None of the currently available, engineered intestinal smooth muscles 

can generate multiple types of motor patterns, nor do they display contractions proven to be 

capable of mixing the enteric content. To engineer intestinal muscle with such strong and 

diverse modes of contractions, IMCs are the most clinically relevant and readily available 

cell source. IMCs contain all the critical cell types required for generating gut motility. 

However, progress in IMC-based intestinal muscle tissue engineering is surprisingly slow, 

mainly because (i) conventional serum-containing culture medium (proliferation medium, 

P medium) cannot support most of the cell types, and (ii) SMCs quickly lose their 

contractile phenotype in those conditions.[6,14,53] To overcome these problems, our group 

has developed a serum-free culture medium—the ‘muscularis medium’ (M medium)—that 

can maintain the maturity and function of SMCs, ICCs, and enteric neurons altogether over 

a prolonged period in vitro.[53] IMCs in the M medium exhibit ICC- and neuron-dependent 

spontaneous contractions, which can last for over eight weeks.[53] However, in 2D culture, 

cells are confined by the stiff substrate of the well plate, and contractions are restricted to 

locally active cell clusters, which ultimately limits the application of such culture. In the 

native tissue, IMCs form cellular networks within an extracellular matrix with appropriate 

mechanical properties to facilitate quick mechanical/electrical transduction. We sought to 

incorporate a 3D scaffold designed to elicit tissue-matched properties to further promote 

formation of cell networks and generation of coordinated cell contraction.

In this study, we fabricate an electrospun orthogonal bi-layered scaffold with aligned 

fibers to mimic the natural geometry of the intestinal muscle layers. More importantly, 
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we note that previously frequently used material, PCL, dissipates contractile muscle force by 

deformation and cannot adequately support muscle contractile function. Instead, we apply 

gelatin, an elastic material, to fabricate such bi-layered scaffolds to better accommodate 

the cyclic deformation of the muscle. The stiffness of the gelatin scaffold replicates that 

of the native tissue. The integrated effect of the M medium and the gelatin scaffold 

results in generation of a living intestinal muscle patch with coordinated macroscopic 

contractions that can be easily identified by the naked eye in three distinct modes. 

Evidence is collected in aspects concerning cell contractility, cellular morphology, protein 

expression, and transcriptome profile to show that both the M medium and the scaffold are 

critical for cell maturation, formation of communicating cellular networks, and regeneration 

of contractile function. More interestingly, in-depth transcriptional analysis reveals that 

biological factors in the M medium actively modulate channel activities in cells while the 

scaffold surprisingly regulates cell-cell communication. We perform interactome analysis 

of ligand-receptor interactions to visualize the scaffold-induced changes in intercellular 

communication and discover that scaffold-induced strengthened interactions are centered 

on enteric neurons. Finally, the living intestinal muscle patch undergoes three ‘digesta 

manipulation’ tasks which recapitulate critical events that often appear in food digestion and 

absorption. Thus, we provide a living building block, the contracting intestinal muscle patch, 

for the future engineering of a fully functional intestine.

2. Results and Discussion

2.1. Soft Elastic Matrix to Better Accommodate IMC Contractile Function

Inspired by the natural organization of the intestinal circular and longitudinal smooth 

muscle layers, we sought to fabricate a scaffold with aligned fibers and an orthogonal-

bilayer structure by sequential electrospinning (Figure 1a-b). Previously, similar electrospun 

scaffolds have been made using PCL.[53] We noted that although highly aligned PCL fibers 

successfully promoted cellular alignment, combining the PCL scaffold with the M medium 

only led to creation of intestinal muscle patches with confined, low-amplitude contractions,
[53] presumably due to the tough, plastic nature of PCL. As PCL experiences the contractile 

forces generated by the muscle cells, it undergoes deformation that dissipates the force. 

We reasoned that a softer scaffold that can elastically deform and recover in response to 

the force generated by the contracting muscle might be able to better accommodate the 

muscle function. In this work, we selected gelatin as the material for scaffold fabrication. 

The gelatin scaffold was further crosslinked by glutaraldehyde to improve the water-resistant 

ability and thermostability. Gelatin fiber sheets were cut into small rectangles with an area of 

0.35 ± 0.09 cm2 (mean ± S.D., n = 5 scaffolds). Upon water immersion, the scaffold quickly 

swells, leading to a ~2.9-fold increase in surface area. During the tensile test, the swollen 

gelatin scaffold exhibited the typical rubber-like stress-strain behavior (n = 7 scaffolds). It 

fractured at a strain of 39.1 ± 6.8 % (mean ± S.D., n = 7 scaffolds) without exhibiting yield. 

We achieved the tensile modulus of the wet gelatin scaffold at 0.9 ± 0.2 MPa (mean ± S.D., 

n = 7 scaffolds, about 38-fold smaller than that of the PCL-based scaffold fabricated in the 

same way, Figure 1c), closely resembling that of native intestinal tissue.[54,55]
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2.2. Diverse Contraction Modes Generated by the Living Intestinal Muscle Patch

Mouse IMCs were seeded on the bilayer gelatin scaffold at a density of 1.25 million 

cells/cm2. IMCs on the scaffold were first cultured in the conventional serum-containing P 

medium for six days to promote cell proliferation. By day 6, IMCs confluently covered the 

whole scaffold to form an intestinal smooth muscle patch, and the medium was changed 

to the M medium to promote cell maturation and function. Phalloidin staining of cells 

on the scaffold revealed that cells were oriented in two mutually perpendicular directions 

(Figure 2a). Strikingly, only after four days in the M medium did the intestinal muscle patch 

display coordinated contractions (Video S1-3, Figure 2b-c) that can be easily identified by 

the naked eye. Such macroscopic contractions differ from previously observed restricted 

contractions in cells cultured on a well plate or a PCL scaffold.[53] In response to the 

contractile forces generated by IMCs, the whole scaffold exhibited dramatic large-scale 

mechanical deformation and recovery in repeated cycles (Video S1-3, Figure 2b-c). Even 

more surprisingly, three different contraction modes with distinct fluidic flow-generating 

behaviors were observed (Figure 2b-c). A dominant contraction mode (22 out of 27 

biologically independent samples), the ‘clamshell’ mode, caused the entire intestinal muscle 

patch to roll up and undergo a clamshell-like opening and closing along a fixed bending 

axis, reminiscent of the segmental ring motions of the intestinal wall (Figure 2b, Video S1). 

In some cases, the coordinated contractions of IMCs can significantly curl up the whole 

muscle patch into a tight scroll structure (Video S1, Sample 1). In another contraction 

mode (2 out of 27 samples), the ‘jellyfish’ mode, instead of contracting along a fixed 

axis, IMCs demonstrated a coordinated squeeze-type contraction so that the entire muscle 

patch curled up into an umbrella shape (Figure 2b, Video S3). As IMCs contracted, the 

size of the umbrella shrank, and the height of the umbrella grew (Figure 2b, Video S3). 

The jellyfish mode may correspond to a type of contraction that creates a pouch-like 

space to constrict around the food chyme and gradually scrunch it during digestion. For 

the third contraction mode (3 out of 27 samples), the ‘oceanwave’ mode, IMCs exhibited 

‘peristalsis-like’ contractions that propagated within the muscle patch (Figure 2b, Video S2). 

The contraction waves wrinkled the muscle patch at several different sites (Figure 2b, Video 

S2). Those spontaneous macroscopic contractions occurred at an average frequency of 20 

contractions per minute (0.33 Hz, Figure 2c) and persisted for at least a month in vitro. 

Two things concerning the display of macroscopic contractions by the intestinal muscle 

patch are worth mentioning. First, we note that IMCs seeded on the gelatin scaffold did 

not show any distinct movement when cultured in the P medium (−M medium, + gelatin 

scaffold). In the meanwhile, without the presence of the gelatin scaffold but to culture 

IMCs in the M medium in 2D only created local contracting clusters (+M medium, −gelatin 

scaffold). Neither of the conditions supports the generation of macroscopic contractions seen 

here when IMCs were cultured on the gelatin scaffold in the M medium (+M medium, + 

gelatin scaffold). These results, in combination, demonstrate that such unprecedented strong, 

diverse contractile motions of the intestinal muscle patch are achieved under an integrated 

influence of both the M medium and the gelatin scaffold. Second, both the aligned fiber 

structure and the orthogonal bi-layered organization mimic the natural architecture of the 

intestinal muscle tissue. Such structural features actively guide cell organization (as seen 

in previous literature[41,53,56] and the next section of this article) and may facilitate better 

cell communication for quick mechano-transduction. However, in addition to rebuilding 
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such structural features, selecting a soft elastic material (such as gelatin), but not a tough 

plastic material (such as PCL), for scaffold fabrication is more critical to the generation of 

macroscopic muscle contraction, as cells cultured on a PCL-based electrospun scaffold with 

orientated fibers in the M medium only demonstrate rigid small-scale contractions.[53]

2.3. Enhanced Phenotypic Maturation of Cells in the Intestinal Muscle Patch

Gut motility results from the cooperating work of SMCs, ICCs, and the ENS. In the 2D 

culture using the M medium (hereafter referred to as the ‘M medium’ condition), we were 

able to preserve those cells’ function for a prolonged period in vitro.[53] We created the 

intestinal muscle patch by combining the use of the gelatin scaffold and the use of the M 

medium (the ‘M medium + S’ condition; S, scaffold). Under this ‘M medium + S’ condition, 

SMCs, ICCs, neurons, and glial cells were partially aligned by the oriented gelatin fibers 

(Figure 3a). We detected a marked increase in the expression of the SMC marker MHC 

(myosin heavy chain), the ICC marker c-Kit, the neuronal marker β-tubulin III, and the glial 

marker GFAP in the ‘M medium + S’ condition as compared to that in the ‘M medium’ 

condition without a scaffold (Figure 3, immunostaining, n = 3 biologically independent 

samples; RT-PCR, n = 5 biologically independent samples). Unlike the scattered c-Kit+ 

cell clusters formed in the ‘M medium’ condition, a dense network of c-Kit+ ICCs 

expanded throughout the entire intestinal muscle patch in the ‘M medium + S’ condition 

(Figure 3a). The ‘M medium + S’ condition also resulted in the generation of a denser 

‘ganglionated’ neural plexus of β-tubulin III+ neurons and GFAP+ glia with longer axon 

extension compared with that in the ‘M medium’ condition (Figure 3a).

We next examined the transcriptional differences between IMCs cultured in the ‘P medium’, 

‘M medium’, and ‘M medium + S’ conditions at the day 28-time point using RNA 

sequencing. Freshly isolated muscle strips served as a positive control. Principal component 

analysis (PCA) was performed for a whole-transcriptome comparison among different 

conditions (Figure 4a). PC1 (62%) and PC2 (27%) grouped the samples by their types. 

The plot suggested that (i) both the soluble biological factors in the M medium and 

the application of the scaffold can enhance the phenotypic maturation of cells to cause 

transcriptome shifts toward the native tissue and (ii) the intestinal muscle patch growing 

in the ‘M medium + S’ condition had a global gene expression profile that most closely 

resembled that of muscle strips over other conditions (Figure 4a). The same conclusion can 

also be derived from measurements of Spearman’s correlation comparing the four conditions 

(Figure S1). Based on functional enrichment analysis of the PC loadings, both PC1 and 

PC2 separated the samples encompassing the biological process “multicellular organismal 

process” (Table S1). Other biological processes (Table S1) that were highly enriched in PC1 

gene loadings were terms involving “regulation of transport” (positive), “synaptic signaling” 

(positive), and “immune system process” (negative).

Differential gene expression analysis revealed that 3,165 out of 18,415 genes were 

significantly differentially regulated between the ‘M medium’ and the ‘P medium’ 

conditions (adjusted P < 0.05, Benjamini-Hochberg Method, Table S2), and 2,820 out of 

18,704 genes were significantly differentially expressed between the ‘M medium + S’ and 

‘M medium’ conditions (adjusted P < 0.05, Benjamini-Hochberg Method, Table S3). Here 
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we focused on the transcriptional changes in cell lineages involved in the generation of 

GI motility. We specifically looked at genes related to SMCs, ICCs, and ENS (Figure 4b). 

Interestingly, 477 genes that were significantly upregulated in the ‘M medium’ condition 

compared with the ‘P medium’ condition (adjusted P < 0.05, Benjamini-Hochberg Method) 

were further significantly induced by the application of the scaffold (adjusted P < 0.05, 

Benjamini-Hochberg Method, ‘M medium + S’ vs. ‘M medium’) (Table S2-3). Many of 

such kind genes were associated with SMCs, ICCs, and ENS, including (i) genes involved 

in the muscle excitation-contraction coupling such as Mylk, Abcc9, Kcnf1, and Jph2; (ii) 
Ano1, the most specific marker for ICCs;[58] (iii) neural marker genes such as Elavl3, 

Elavl4; (iv) enteric glia markers S100β and Plp1; (v) neuronal subtype-specific genes such 

as Nos1and Vip for inhibitory motor neurons, Calb2 and Tac1 for excitatory motor neurons, 

and Gal for non-cholinergic secretomotor or vasodilator neurons;[59] and (vi) genes related 

to enteric neuronal development such as Ret, Phox2b, Gfra1, Sox10, and Ascl1 (Figure 4b).

Comparing the ‘M medium’ condition with the ‘P medium’ condition, a gene ontology 

(GO) analysis for upregulated genes (adjusted P > 0.05, Benjamini-Hochberg Method, 

log2FoldChange > 0) highlighted a significant enrichment in GO-BP (biological process) 

terms related to nervous system development and neuron differentiation (Table S4). 

Correspondingly, GO-CC (cellular component) analysis of differentially expressed genes 

(adjusted P > 0.05, Benjamini-Hochberg Method) revealed significant differences relating to 

neuron part and synapse between IMCs in the ‘M medium’ and the ‘P medium’ condition 

(Figure 4c, Table S5). Interestingly, the top 10 significant GO-MF (molecular function) 

terms were primarily related to ion channel activity (Figure 4c, Table S6), indicating the 

extensive changes in channel activity induced by biological factors in the M medium. In 

addition, the GO terms “smooth muscle contraction” (FDR = 2.24e-05), “muscle system 

process” (FDR = 1.56e-18), and “muscle tissue development” (FDR = 2.19e-10) were also 

significantly enriched for differentially expressed genes.

To investigate the cellular processes where the scaffold may have a regulatory role, 

we performed the GO analysis for the differentially expressed genes (adjusted P > 

0.05, Benjamini-Hochberg Method) comparing the intestinal muscle patch versus its 2D 

counterpart (‘M medium + S’ vs. ‘M medium’, Figure 4c, Table S7-9). We found that 

those genes were highly enriched in biological processes implicated in cell communication, 

nervous system development, and cell adhesion (Figure 4c, Table S7). For the GO-CC 

analysis, the intestinal muscle patch profile showed strong enrichment concerning neuron 

part, synapse, cell junction, and plasma membrane region (Figure 4c, Table S8). In 

examining the GO-MF (molecular function) terms, 6 out of the top 10 enriched terms are 

about protein binding, which is the primary way cells communicate with each other and with 

the environment (Figure 4c, Table S9). Intestinal muscle patch also demonstrated enrichment 

in GO terms relating to smooth muscle development and function, such as “smooth muscle 

contraction” (FDR = 3.75e-09), “muscle system process” (FDR = 7.06e-16), and “muscle 

tissue development” (FDR = 4.24e-10).

All the results suggest that both the M medium and the scaffold promote the maturation 

of the various cell types that enable GI motility. The relatively high degree of similarities 

in transcriptome between the intestinal muscle patch and the muscle strips is achieved 
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by a combined effect of the M medium and the scaffold. In cooperation, the M medium 

and the scaffold greatly enhance the differentiation and maturity of the ENS, as shown by 

immunostaining of neuronal and glial markers in different conditions (Figure 3) and the 

highly enriched ENS-related GO terms for upregulated genes in the ‘M medium’ condition 

relative to the ‘P medium’ condition and those in the ‘M medium + S’ condition relative to 

the ‘M medium’ condition (Table S4, S7). Separately, the M medium profoundly impacts 

ion transport activities (Figure 4c, GO-MF analysis). The scaffold markedly reshapes cell 

communication and protein binding (Figure 4c, GO-BP and GO-MF analyses).

2.4. The Intercellular Communication Transformed by the Gelatin Scaffold

Gut motility relies on the highly coordinated functioning of various cells. Such coordination 

of cellular activities is governed by communication across multiple cell types.[14] Cell-cell 

communication also plays an essential role in cell differentiation and tissue development.[60] 

According to our GO analysis, the gelatin scaffold possesses a strong ability to regulate 

cell-cell communication and receptor binding events that happen within the cells growing on 

it (Figure 4c, Table S7, S9, highly enriched GO-BP term “regulation of cell communication” 

and GO-MF terms related to protein binding). Cell-cell signaling extensively depends on 

and can be inferred by ligand-receptor interactions.[60,61] We further interrogated how 

the scaffold-driven changes in gene expression might influence cell-cell communication 

within the intestinal muscle patch by studying the interacting ligand-receptor pairs. Among 

2,820 differentially expressed genes in the intestinal muscle patch compared to its 2D 

counterpart (adjusted P < 0.05, Benjamini-Hochberg Method, ‘M medium + S’ condition vs. 

‘M medium’ condition), 693 genes (25%) encode receptor, ligand, or ECM (extracellular 

matrix) proteins (Figure 5a, see ref. [61] for the definition of receptors, ligands, and 

ECM proteins). Based on a published cell communication interactome,[61] we extracted 

the ligand-receptor interactions that were mostly affected by the presence of the gelatin 

scaffold (adjusted P < 0.001, Benjamini-Hochberg Method, ∣Log2FoldChange∣ >1, Figure 

5b-c, Table S10-11). We only considered the scenarios when the ligand and the paired 

receptor genes were both scaffold-upregulated (70 pairs, gain of interaction) or both 

scaffold-downregulated (53 pairs, loss of interaction). Among the 70 upregulated ligand-

receptor pairs, 55 pairs (78%) were involved in ENS development and function (Figure 5b, 

Table S10), indicating that the potentially strengthened interactions were centered on the 

enteric neurons. The gene encoding the tyrosine kinase receptor, RET, is most commonly 

mutated in Hirschsprung’s disease.[62] The RET/GFRα1/GDNF pathway is perhaps the 

most important pathway in ENS development.[62] Loss of Ret, Gdnf, or Gfra1 leads to 

complete intestinal aganglionosis in mice.[62] In the intestinal muscle patch, compared 

with its 2D counterpart, both Ret – Gdnf and Gdnf – Gfra1 were among the highly 

upregulated interacting pairs (Figure 5b, Table S10). Another two RET-specific ligand genes 

Artn (Figure 5b, Table S10) and Nrtn (adjusted P = 0.005, Log2FoldChange = 0.83) also 

showed significantly increased expression in the intestinal muscle patch. Other important 

ENS-related interactions induced by the scaffold include Ednra – Edn3, Npy – Npy4r, 
Ngfr – Ntf3, Ntrk1 – Ntf3, and Sorcs2 – Ntf3 (Figure 5b, Table S10). Previous studies 

have shown that ICCs and SMCs express manifold neurotransmitter receptors, including 

the tachykinin receptor (encoded by Tacr1), an excitatory neurotransmitter receptor, and 

the vasoactive intestinal peptide receptor 2 (encoded by Vipr2), the receptor of the 
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inhibitory neurotransmitter VIP.[63,64] In the intestinal muscle patch, the ligand-receptor 

pairs Tac1 – Tacr1 and Vip – Vipr2 (adjusted P = 0.002) were significantly upregulated, 

indicating a potentially enhanced information transfer between enteric neurons and/or from 

enteric neurons to ICCs or SMCs (Figure 5b, Table S10). Among the potentially boosted 

communication pairs that were not ENS-related, some were putatively involved in smooth 

muscle development (Itga7 [65] – collagen genes, Figure 5b, Table S10). The rest were 

associated with tissue development, extracellular matrix organization, and immune system 

process (Figure 5b, Table S10). For the decreased interactions, the affected ligand-receptor 

pairs were primarily related to cell migration and cell motility (Figure 5c, Table S11), 

suggesting that the contact guidance exerted by the scaffold may restrict certain motility 

events that are commonly seen in 2D cultures.

2.5. Macroscopic Contractions to Mix and Breakdown Artificial Intestinal Contents

GI muscle contraction promotes the physical breakdown of the ingested meal to facilitate 

efficient food digestion. To evaluate the functional performance of the intestinal muscle 

patch in mixing and handling the intestinal contents, we challenged the intestinal muscle 

patch with three “digesta manipulation” tasks: (i) enhance the local mixing of liquid; (ii) 
triturate large pieces of viscous artificial digesta; and (iii) accelerate the solubilization 

process to facilitate better absorption (Figure 6, Video S4-6). The intestinal muscle patch 

can generate three different contraction modes: the ‘clamshell’, ‘jellyfish’, and ‘oceanwave’ 

(Figure 2, Video S1-3). We believe that each mode produces its own unique mechanical 

force pattern that may have different effects when handling the digesta. Due to the limited 

number of intestinal muscle patches showing the ‘jellyfish’ and ‘oceanwave’ contractions, in 

this part, we only tested the intestinal muscle patches in the ‘clamshell’ contraction mode. A 

cell-free scaffold served as the negative control. All the experiments were conducted at the 

physiological temperature (37 °C).

In the first task, four μl of colored culture medium was dropped on top of the contracting 

intestinal muscle patch or the control scaffold (Figure 6a, Video S4). Contractions of the 

intestinal muscle patch quickly mixed the blue-colored medium with the surrounding liquid 

in less than 30 seconds, a process much faster than the mix via diffusion as seen in the 

control condition (Figure 6a, Video S4, n = 3 biologically independent samples). In the 

second task, we created a flour-based artificial digest that matched the viscoelastic properties 

of the real food chyme found in the proximal small intestine (Figure 6b, Video S5).[66,67] 

The digesta obtained from the animal intestine is characteristic of a weak shear-thinning 

viscoelastic gel.[66,67] Such features were successfully captured by the artificial digesta, 

as indicated by the dynamic rheological measurements (Figure 6b). We were particularly 

interested in the viscoelastic behavior of the artificial digesta at the oscillation frequency 

close to the average contraction rate of the intestinal muscle patch, i.e., 0.33 Hz (20 

contractions per minute, Figure 2c). At 0.33 Hz, a strain sweep (0.6% −100%) showed 

that, as expected for a weak gel, within the linear viscoelastic regime, the storage (elastic) 

modulus consistently exceeded the loss (viscous) modulus, however, the storage modulus 

dropped rapidly as the strain increased and became smaller than the loss modulus (Figure 

6b). In a frequency sweep at a constant strain of 5%, we found that (i) the storage modulus 

was consistently higher than the loss modulus throughout the physiological frequency range 
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(0.04 – 1 Hz, possible muscle contraction rate); (ii) the two moduli differed by less than an 

order of magnitude; and (iii) both moduli slightly increased with the oscillation frequency: 

all indicate the formation of a weak viscoelastic gel (Figure 6b). When applying the artificial 

digesta to the intestinal muscle patch, a 3-mm-sized artificial digesta drop can be completely 

broken down by ~ 10 contractions within 30 seconds (Figure 6b, Video S5). Without the 

contracting intestinal muscle patch, for over 2 minutes, the drop of the artificial digesta, 

though slightly swelled, kept its shape and remained stable in the culture medium with 

no apparent mixing with the surrounding liquid phase (Figure 6b, Video S5). In the third 

task, a non-crosslinked gelatin capsule containing green-colored glycerol was employed, 

and we found that compared with the control, the contraction of the intestinal muscle 

patch markedly accelerated the solubilization of the gelatin capsule to enable a much faster 

release of the encapsulated, green-colored content (Figure 6c, Video S6). Such enhanced 

solubilization facilitated by the macroscopic contractions may promote a more efficient 

breakdown and absorption of food macronutrients.

3. Conclusion

In this work, we successfully created a contracting intestinal muscle patch through the 

synergism between biochemical signals from a culture medium and environmental cues 

exerted by a scaffold. The contractility of the intestinal muscle patch outperforms the 

existing engineered intestinal muscle in terms of the diversity of the contraction and the 

amplitude of the movement. For the first time in vitro, an engineered intestinal muscle 

displays a record strength of contractility to enable the mixing and physical breakdown 

of viscoelastic gels that mimic the mechanical properties of the intestinal digesta. The 

intestinal muscle patch recapitulates the critical cellular components involved in the 

generation of gut motility and demonstrates a closer transcriptional approximation of the 

native intestinal muscle. It is well known that a bioscaffold can provide biomechanical 

support and topological guidance for cell growth and differentiation, but here we unveil 

a previously overlooked effect of the scaffold to show that a bioscaffold is also capable 

of regulating intercellular communication. 78% of the scaffold-induced gain of interaction 

relates to enteric neurons, suggesting that, compared with other types of cells in the culture, 

such as SMCs and ICCs, neurons are more responsive to the material’s stimulation under 

the current experimental condition. Other materials that can better manipulate SMCs and 

ICCs may be required in the future design of the scaffold. Future experiments must 

systematically elucidate how different types of cells can show different responsiveness 

to the same materials. In addition, interactive pairs in RET/GFRα1/GDNF pathway are 

highly upregulated by the presence of the scaffold, suggesting that the regeneration of 

enteric neurons under the influence of the gelatin scaffold utilizes canonical developmental 

pathways. Proven methods in material design that will enhance the canonical developmental 

pathways in ENS development may be worth incorporating into the current scaffold for 

enhanced maturation of enteric neurons.

Although the intestinal muscle patch exhibits unprecedented contractility and achieves 

what the muscle strips can basically do in vitro, i.e., macroscopic contractions displayed 

in different contraction modes, we acknowledge that there are differences between the 

intestinal muscle patch and the muscle strip. By performing PCA between the intestinal 
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muscle patch and the muscle strips, we identified the major aspects where the two conditions 

show the most variations at the transcriptome level. We found that they mainly differ in the 

population of immune cells (Figure S2). Integrating the correct immune cell population into 

the culture may help reconstruct neuroimmune circuits, which in turn regulates the temporal 

and spatial control of muscle contraction. The realization of higher-order contraction motion 

and fine-tuning of muscle contraction may also depend on (i) precise reconstruction of 

the architecture of the networks of ENS, SMCs, and ICCs at single-cell resolution; (ii) 
maximized preservation of every single type of cells in the muscle layer; (iii) precise 

recapitulation of the mechanical structure and properties of intestinal muscle tissue; and (iv) 

functional integration of the muscle layer with the intestinal epithelia layers. The intestinal 

muscle patch created here sets the basis for reconstructing the full-thickness engineered 

intestine to treat SBS. The technique established in this work may eventually help bring 

within reach the current “impossible dream” of engineering a fully functional intestine 

capable of generating dynamic complex motor patterns in the future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fabrication and characterization of the gelatin scaffold. a) Schematic for fabrication of the 

0°-90° bilayer electrospun gelatin scaffold. b) Light microscopic image of the wet gelatin 

scaffold (n = 3 samples) with an inset to show the measurements of the fiber diameter (n = 3 

scaffolds). Fibers were orthogonally aligned. c) Young’s modulus of bilayer scaffolds made 

of gelatin or PCL (mean ± s.d., n = 7 samples).
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Figure 2. 
Diverse contraction modes generated by the living intestinal muscle patch. a) Phalloidin 

staining of IMCs on the gelatin scaffold at day 28 in the M medium (n = 3 biologically 

independent samples) with inset to show the measurement of cell orientation (ImageJ[57]). 

b) Three different contraction modes: clamshell, oceanwave, and jellyfish. Left, schematic 

of contractile motions. Right, snapshots of contracting muscle patches at their maximal 

contraction and relaxation state, corresponding to Video S1, Sample 2 (clamshell, d21 in 

culture), Video S2 (oceanwave, d28 in culture), and Video S3 (Jellyfish, d35 in culture). 

Note: although we have shown the three contraction modes at different days of culture in 

this figure, we would like to point out that contraction modes are not determined or affected 

by the length of culture. c) Frequency of the macroscopic contractions generated by the 

living intestinal muscle patches, violin plot showing the median (solid line) and quartiles 

(dashed line), n = 27 biologically independent samples.
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Figure 3. 
Enhanced maturation of SMCs, ICCs, and enteric nerves in the intestinal muscle patch. 

a) Immunofluoresecene analysis of indicated markers in the intestinal muscle patch (the 

‘M medium + S’ condition, d28 in culture, confocal microscope Z-stack images) or IMCs 

cultured in the M medium on a well-plate (d28 in culture, light microscope images). Arrow 

sets indicate the gelatin fiber orientations within the scaffold. b) Relative mRNA expression 

levels of markers for SMCs (Myh11), ICC (Kit), enteric neurons (Tubb3), and enteric glia 

(Gfap) at day 28 in culture. The average expression level of each gene in the ‘P medium’ 

was set to 1. Gapdh served as the housekeeping gene. Truncated violin plot showing the 

median (solid line) and quartiles (dashed line). n = 5 biologically independent samples. 

Statistical analysis for each gene (datasets normally distributed) used one-way analysis of 

variance (ANOVA) with Tukey’s test, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Figure 4. 
A transcriptional shift toward the native tissue under the synergistic effect of the ‘M 

medium’ and the scaffold. a) PCA of muscle strips, the intestinal muscle patch (‘M medium 

+ S’ condition), IMCs cultured in 2D in the M medium (‘M medium’ condition) and 

in the P medium (‘P medium’ condition), n = 3 biologically independent samples per 

condition. Cells were cultured in vitro in different conditions for 28 days. b) Heatmaps of 

RNA-sequencing data for selected SMC, ICC, and ENS-related genes expressed in the ‘P 

medium’, ‘M medium’, and ‘M medium + S’ conditions, n = 3 biologically independent 

samples per condition. c) Top 10 GO terms showing differences in gene expression between 

the ‘M medium’ and the ‘P medium’ conditions and between the ‘M medium + S’ 

and the ‘M medium’ conditions. Differentially expressed genes with adjusted P < 0.05 

(Benjamini-Hochberg Method) were used. BP, biological process; CC, cellular component; 

MF, molecular function.
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Figure 5. 
Scaffold-induced changes in ligand-receptor communication. a) Venn diagram of the number 

of the ligand, receptor, and ECM genes significantly differentially expressed in the ‘M 

medium + S’ condition when compared with those in the ‘M medium’ condition (adjusted P 
< 0.05, Benjamini-Hochberg Method). b) and c) Circos plots for most significant alterations 

in ligand-receptor interactions between the ‘M medium + S’ and the ‘M medium’ conditions 

(adjusted P < 0.001, Benjamini-Hochberg Method), corresponding to Table S10 (ligand and 

receptor genes both upregulated, panel b) and Table S11 (ligand and receptor genes both 

downregulated, panel c).
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Figure 6. 
Three ‘digesta manipulation’ tasks realized by the contracting intestinal muscle patch. a) 

Enhancing local liquid mixing, corresponding to Video S4. Liquid colored in blue. The 

liquid mixing process was quantified by measuring the change of the blue-colored area to 

indicate the spread of the blue-colored medium. The initial size of the blue-colored area 

at t = 0 was set as 1. b) Physical breakdown of the artificial digesta (purple colored), 

corresponding to Video S5. Left, rheology of the artificial digesta during strain sweep (0.6% 

– 100%, at 2.07 rad/s (0.33Hz)) and frequency sweep (0.25 – 6.28 rad/s (0.06 to 1 Hz), 

at 5% strain). The intensity change of purple-colored digesta was recorded. As the purple-

colored artificial digesta was broken into pieces, the purple color also became lighter. c) 

Accelerating the solubilization process, corresponding to Video S6. Non-crosslinked gelatin 

capsule was loaded with green-colored glycerol. The size of the capsule was measured to 

indicate the degree of solubilization of the capsule. The size of the capsule decreased while 

the capsule was solubilized into the surrounding medium.
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