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engineering intestinal smooth muscle
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Abstract

Controlling cellular alignment is critical in engineering intestines with desired structure and 

function. Although previous studies have examined the directional alignment of cells on the 

surface (x-y plane) of parallel fibers, quantitative analysis of the cellular alignment inside 

implanted scaffolds with oriented fibers has not been reported. This study examined the cellular 

alignment in the x-z and y-z planes of scaffolds made with two layers of orthogonally oriented 

fibers. The cellular orientation inside implanted scaffolds was evaluated with 

immunofluorescence. Quantitative analysis of coherency between cell orientation and fiber 

direction confirmed that cells aligned along the fibers not only on the surface (x-y plane) but also 

inside the scaffolds (x-z & y-z planes). Our study demonstrated that two layers of orthogonally 

aligned scaffolds can generate the histological organization of cells similar to that of intestinal 

circular and longitudinal smooth muscle.
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Introduction

In the small intestine, the inner circular smooth muscle layer is orthogonally oriented to the 

outer longitudinal smooth muscle layer, and the myenteric plexus is embedded between 

these layers. The arrangement of smooth muscle cells, neural cells and interstitial cells of 

Cajal within the intestinal smooth muscle is highly organized in order to coordinate 

peristalsis [1]. In other tissues such as the vasculature [2,3], myocardium [4], skeletal muscle 

[5], nervous system [6,7], and connective tissues [8,9], cellular alignment is also essential 

for their proper function. It is therefore desirable to replicate the native microstructures and 

cellular alignment for tissue engineering constructs.

Electrospun scaffolds with aligned fibers have been explored for their suitability to align 

cells in many tissue engineering applications [5,10–13]. Various synthetic and biological 

polymers have been electrospun to fabricate scaffolds with desired fiber size and alignment 

[14,15]. These fibers replicate the length scale of elements in the native extracellular matrix 

and promote cellular differentiation and matrix production [16,17]. Aligned fibers can be 

fabricated by collecting elecrospun fibers on rotating mandrels, leading to controllable 

mechanical and structural anisotropy [5,12,18,19]. Among a variety of FDA approved 

polymers, poly(3-caprolactone) (PCL) is a promising material due to its biocompatibility, 

biodegradability and mechanical properties. Fibrous scaffolds composed of PCL are 10 

times less stiff and stay elastic over a wider range, as compared to scaffolds made of 

poly(D,L-lactic- co-glycolic acid 50:50) [20]. Electrospun PCL (ePCL) scaffolds with 

aligned fibers were shown to enhance cellular alignment, matrix deposition, and increased 

tensile properties along the fiber direction when compared to similar scaffolds with 

randomly oriented fibers [5,21]. Such flexibility and controllable directionality of ePCL 

scaffolds make it a suitable choice for muscle tissue engineering.

Previous studies have examined the cellular alignment on the 2D surface (x-y plane) of cells 

in culture [2,5–9,22], but the alignment of cells inside 3D scaffolds in vivo has not been 

analyzed quantitatively. We hypothesized that a two-layer ePCL scaffold with orthogonally 

aligned fibers would generate 3D cellular alignment analogous to the intestinal circular and 

longitudinal muscle layers. In this study, we compared the cellular alignment in the x-z and 

y-z planes of implanted ePCL scaffolds made with either aligned or randomly oriented 

fibers.

Materials and Methods

Electrospinning

11% (w/w) solution of PCL (Durect Lactel, Birmingham, AL) was made in hexafluoro-2-

propanol (Acros Organics, Thermo Fisher Scientific, Waltham, MA). The solution was kept 

on a shaker overnight to obtain a homogenous polymer solution. The mandrel was wrapped 

with aluminum foil to ease the removal of the scaffold. The PCL solution was transferred to 

a plastic syringe fitted with an 18-gauge needle, and secured onto a syringe pump (Harvard 

Apparatus, Holliston, MA). The solution was infused at 2.5 mL/h onto a rotating mandrel 

collector with an outer diameter of 32 mm that was positioned 12-15 cm away from the 

needle tip. The electrical potential difference between the needle (i.e., polymer solution) and 
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the grounded mandrel collector was produced by a high voltage power supply (Glassman 

High Voltage, High Bridge, NJ). Scaffolds comprised of aligned ePCL fibers were 

fabricated using a mandrel rotational speed of 3450 rpm and an applied voltage of 15 kV. 

Less-aligned, “random” ePCL fibers were produced using a mandrel rotational speed of 

1725 rpm and applied voltage of 25 kV. After 0.5 mL of polymer solution had been 

dispensed from the syringe onto the rotating mandrel, the ePCL was carefully removed from 

the aluminum foil. Scaffolds were air-dried before laser cutting (Fig. 1A).

Scanning Electron Microscopy (SEM)

The surface morphology of ePCL scaffolds with aligned or random fibers was assessed 

using a Nova NanoSEM 230 (FEI, Hillsboro, Oregon). The scaffolds without conductive 

coating were mounted on the sticky conductive carbon tape (Ted Pella, Redding, California) 

on the top of aluminum stubs (Ted Pella, Redding, California) and examined under SEM 

with an accelerating voltage of 10 kV at low vacuum mode.

Laser cutting

The ePCL scaffolds were constructed as fiber sheets with dimensions approximately 10 × 

2.5 cm and thickness of 100-150 μm, based on the mandrel used. These fiber sheets were cut 

into rectangular 8 × 6.5 mm scaffolds using the VERSA LASER CUTTER 2.3 (Universal 

Laser Systems, Scottsdale, AZ) with vector mode, 5% power, 100× speed, and 1000 pulses/

inch. Two types of scaffolds were obtained by setting the longer or shorter edge of the 

rectangle to be along the fiber direction (Fig. 1B). The scaffolds were sterilized in 70% 

ethanol for 30 min and washed several times with phosphate buffered saline (PBS).

Ethics statement

Animal usage complied with regulations set by the University of California, Los Angeles, 

Chancellor's Animal Research Committee and was approved as animal protocol number 

2005-169. All efforts were made to minimize pain and suffering. Two mice strains were 

used for these experiments: C57BL/6-Tg(Actb-EGFP)1Osb/J (“GFP”) (The Jackson 

Laboratory, Bar Harbor, ME) and wild type C57BL/6 (Charles River, Wilmington, MA).

Intestinal smooth muscle strips (SMS) isolation and culture

SMS were isolated from two 7 to 8-day-old GFP-positive C57BL/6 neonates using 

previously described methods [23–25]. The intestines were removed via a midline incision, 

and smooth muscle strips, containing both longitudinal and circular muscle layers, were 

gently teased from the intestines using fine forceps and placed in Hank's Balanced Salt 

Solution without calcium and magnesium (Invitrogen, Carlsbad, CA) on ice. SMS were 

minced thoroughly using a scalpel. Approximately one-tenth of the SMS were seeded 

directly to each ePCL scaffold, which was coated with gelatin solution (attachment factor 

solution; Invitrogen, Carlsbad, CA) at 37°C for at least 30 min and briefly washed with PBS 

once in advance. SMS-seeded ePCL scaffolds were cultured at 37°C in a 5%CO2 incubator 

in Knockout™ D-MEM supplemented with 15% FBS, 0.1 mM 2-mercaptoethanol, 0.1mM 

non-essential amino acids (NEAA), 2mM L-glutamine, and 1× antibiotic-antimycotic (all 

from Invitrogen, Carlsbad, CA). The medium was changed after 2 days to the same medium 
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but without antibiotic-antimycotic. SMS-seeded ePCL scaffolds were incubated in vitro for 

approximately 3 weeks before implantation to allow infiltration of cells inside the scaffolds. 

The SMS-seeded sides of two ePCL scaffolds were connected together to form a two-layer 

scaffold with 10 μL of collagen gel (PureCol® EZ Gel, Advanced BioMatrix, San Diego, 

CA) right before implantation (Fig. 1E-H).

Scaffold Implantation

ePCL scaffolds with or without cells were implanted subcutaneously into syngeneic wild 

type adult C57BL/6 mice. Recipient mice were anesthetized with inhaled isoflurane and 

given a subcutaneous injection of 0.05 mg/kg buprenorphine. The abdomen was shaved, 

prepared, and draped sterilely. A ventral midline incision was made and skin flaps were 

raised laterally to create subcutaneous pockets. The ePCL scaffolds were sutured to the 

abdominal wall using 6-0 Prolene suture (Ethicon, Somerville, NJ), and the incision was 

closed using 3-0 silk suture (Ethicon). Recipient mice with SMS-seeded scaffolds were 

sacrificed approximately 4 days postoperatively while recipient mice with scaffolds without 

initial SMS seeding were sacrificed approximately 2 weeks postoperatively. The explants 

were formalin-fixed and processed for histological evaluations.

Histology & immunofluorescence staining

In vivo explants were fixed and processed for paraffin embedding. Serial 5-μm sections were 

cut and adhered to glass slides; every third slide was stained with hematoxylin and eosin 

(HE). Unstained slides were prepared for immunofluorescence staining. Slides were de-

waxed with xylene and rehydrated with serial dilutions of ethanol. Next, slides were 

incubated in a citric buffer (Biogenex, San Ramon, CA) for 15 min at 95-100°C and allowed 

to cool for 15 minutes in an over flowing water bath. In vitro cultures were fixed without 

histologic processing. After three washes with PBS, samples were treated with blocking 

buffer containing 5% normal goat serum (Vector Labs, Burlingame, CA), 0.1% Triton 

X-100 (Sigma) in PBS for 1 hour at 4°C. Samples were then incubated with primary 

antibodies against alpha smooth muscle actin (α-SMA) (1:250; Dako, Carpinteria, CA) and 

green fluorescent protein (GFP) (1:1000, Abcam, Cambridge, MA) diluted in blocking 

buffer overnight at 4°C. After two washes in PBS, samples were incubated in the dark with 

their corresponding secondary antibodies (goat anti-mouse Alexa Fluor 488, goat anti-rabbit 

Alexa Fluor 596, Invitrogen) diluted at 1:1000 in blocking buffer for 2 hours at room 

temperature. After three washes with PBS, Prolong Gold with DAPI (Invitrogen) was 

applied to each section and the slides were covered with glass coverslips. Then, slides were 

allowed to cure at 4°C before storing at −80°C. Images were acquired with an Olympus 

IX71 microscope with cellSens software (Olympus, Center Valley, PA).

Quantification of cellular alignment inside ePCL

Immunofluorescence of α-SMA and GFP was used to assess the alignment of cells within 

the ePCL scaffold. The alignment measurement was carried out with the NIH ImageJ 

software plug-in named OrientationJ to calculate the directional coherency coefficient [26]. 

The coherency coefficient ranges from 0 to 1, with 1 indicating a strongly coherent 

orientation or for this study, greater cellular alignment. To assess the fiber orientation of 
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bare ePCL scaffolds, 3 sample areas were captured. To assess the cell orientation on the 

surface of the ePCL scaffold under in vitro culture, 3 sample areas were captured for both α-

SMA and GFP immunostaining. The alignment of cells inside the ePCL scaffold was 

evaluated at the following four experimental configurations: (1) aligned ePCL scaffold 

without SMS seeding, 2 weeks in vivo. Approximately 100 sample areas of 6 scaffolds from 

4 different animals were analyzed. (2) random ePCL scaffold without SMS seeding, 2 weeks 

in vivo. Approximately 140 sample areas of 4 scaffolds from 2 different animals were 

analyzed. (3) aligned ePCL scaffold with SMS seeding, 3 weeks in vitro culture followed by 

4 days in vivo. Approximately 200 sample areas of 6 scaffolds from 3 different animals were 

analyzed for α-SMA expression and 43 sample areas of 3 scaffolds from 3 different animals 

were analyzed for GFP expression. (4) random ePCL with SMS seeding, 3 weeks in vitro 

culture followed by 4 days in vivo. Approximately 140 sample areas of 4 scaffolds from 2 

different animals were analyzed for α-SMA expression and 55 sample areas of 3 scaffolds 

from 2 different animals were analyzed for GFP expression. For each condition, sample 

areas were grouped into the upper or lower layer of the x-z or y-z plane and their coherency 

were compared (Fig. 1E-H).

Statistical Analysis

Two-tailed unpaired Student's t-test was used to compare the results from the image 

analysis. A level of significance was set at p < 0.01. Data were expressed as the mean ± the 

standard deviation (SD).

Results

Two-layer Scaffolds

The intestinal circular and longitudinal smooth muscle layers are orthogonally arranged 

relative to each other (Fig. 1C,D). To mimic this native histological organization, we 

employed two layers of ePCL scaffolds with aligned fibers seeded with or without SMS. 

Scaffolds with randomly oriented fibers seeded with or without SMS were used as 

comparisons. Two layers of the ePCL scaffolds were assembled from either aligned or 

randomly oriented fibers by adding collagen gel between two sheets of ePCL. In order to 

examine the cellular alignment inside the ePCL scaffolds, two-layer scaffolds were cut in 

orthogonal planes to expose cross sections in x-z and y-z planes (Fig. 1). For the two-layer 

scaffold with aligned fibers arranged in orthogonal directions, the cross section exposing the 

x-z plane would cut “perpendicular” to aligned fibers in the upper layer (shown in blue in 

Fig. 1F) and “parallel” to aligned fibers in the lower layer (shown in green in Fig. 1F). 

Conversely, the cross section exposing the y-z plane would cut “parallel” to aligned fibers in 

the upper layer (shown in blue in Fig. 1F) and “perpendicular” to aligned fibers in the lower 

layer (shown in green in Fig. 1F). In contrast, the ePCL construct with two layers of 

randomly oriented fibers would appear similar in the x-z and y-z plane cross sections (Fig. 

1H).

Scaffold characterization

The difference between ePCL scaffolds with aligned or randomly oriented fibers was 

examined by SEM (Fig. 2A-D). Aligned ePCL scaffolds had individual fibers 1-5 μm in 
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diameter and most fibers existed individually without crossover (Fig. 2C). Randomly 

oriented ePCL scaffolds had similar fiber size, with most fibers intertwined with each other 

(Fig. 2D). Analysis of the fibers showed that the coherency factor of aligned ePCL scaffolds 

was statistically higher (0.555±0.058 vs. 0.060±0.030; p = 1.91e-04 < 0.01) than that of the 

randomly oriented ePCL scaffolds (Fig. 2E).

Quantification of in vitro cellular alignment (x-y plane)

Following two weeks of culture in vitro, the difference in alignment of cells on the surface 

of aligned and randomly oriented ePCL scaffolds (x-y plane) was evaluated by the 

expression of α-SMA (Fig. 2G,H) and GFP (Fig. 2J,K). Analysis of the coherency factor 

from immunostained images showed that cells cultured on aligned ePCL scaffolds were 

statistically more aligned (α-SMA: 0.385±0.023 vs. 0.103±0.011; p = 4.36e-05 < 0.01, GFP: 

0.309±0.013 vs. 0.079±0.013; p = 2.75e-05 < 0.01) than cells cultured on randomly oriented 

ePCL scaffolds for both markers (Fig. 2F,I).

Quantification of infiltrating host cells' alignment inside two-layer ePCL scaffolds (x-z and 
y-z planes)

After two weeks of implantation, the alignment of infiltrating host cells into the two-layer 

ePCL scaffolds without seeded SMS was analyzed by immnuostaining for α-SMA and by 

HE (Fig. 3,4). Host cell infiltration inside ePCL scaffolds with two layers of orthogonally 

aligned fibers (Fig. 3) mimicked the cellular alignment of intestinal circular and longitudinal 

smooth muscle layers (Fig. 1C,D). The alignment of upper and lower layers was completely 

exchanged when the cross section was switched from the x-z to the y-z plane. The upper 

layer had “perpendicular” and lower layer had “parallel” alignment to the cross sections in 

x-z plane, while the upper layer had “parallel” and lower layer had “perpendicular” 

alignment to the cross sections in y-z plane (Fig. 3A-D). In contrast, the upper and lower 

layers in ePCL scaffolds with randomly oriented fibers demonstrated similar cellular 

alignment for both cross sections in the x-z and y-z planes (Fig. 4A-D).

Coherency analysis of α-SMA expression for two-layer ePCL scaffolds with aligned fibers 

confirmed that cells in the lower layer were statistically more aligned (0.402±0.039 vs. 

0.191±0.045; p = 2.22e-05 < 0.01) than cells in the upper layer in x-z plane, while cells in 

the upper layer were statistically more aligned (0.424±0.039 vs. 0.212±0.055; p = 1.59e-05 

< 0.01) than cells in the lower layer in y-z plane (Fig. 3E). The coherency distribution in the 

x-z plane showed that most of the cells in lower layer were more aligned than those in the 

upper layer with little overlap (Fig. 3F).

In contrast, coherency analysis of α-SMA expression for two-layer ePCL scaffolds with 

randomly oriented fibers demonstrated no statistical difference in cellular alignment 

between upper and lower layers in both x-z plane cross sections (0.334±0.056 vs. 

0.345±0.055; p = 0.798 > 0.01) and y-z plane cross sections (0.355±0.014 vs. 0.313±0.023; 

p = 0.020 > 0.01) (Fig. 4E). The coher ency distribution in the x-z plane showed that most of 

the cells in upper and lower layers had similar cellular alignment, as demonstrated by the 

extensive overlap (Fig. 4F).
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Quantification of cellular alignment inside SMS-seeded two-layer ePCL scaffolds (x-z and 
y-z planes)

After three weeks of in vitro culture followed by 4 days of implantation, cellular alignment 

inside SMS-seeded two-layer ePCL scaffolds was analyzed by HE staining and 

immunostaining for α-SMA (Fig. 5,6) and GFP (Fig. 7,8). Since α-SMA and HE stained 

cells from both seeded SMS and host, GFP was used to examine the cellular alignment from 

seeded SMS.

Similar to the infiltrating host cells, the alignment of GFP-positive cells in upper and lower 

layers in aligned ePCL scaffolds was completely reversed when the cross section was 

switched from the x-z to the y-z plane. The upper layer had “perpendicular” and lower layer 

had “parallel” alignment to the cross sections in x-z plane, while the upper layer had 

“parallel” and lower layer had “perpendicular” alignment to the cross sections in y-z plane 

(Fig. 5A-D, 7A-D). Conversely, GFP-positive cells in the upper and lower layers in ePCL 

scaffolds with randomly oriented fibers demonstrated similar cellular alignment for both 

cross sections in the x-z and y-z planes (Fig. 6A-D, 8A-D). Coherency analysis of α-SMA 

and GFP expressions for aligned two-layer ePCL scaffolds again demonstrated that cells in 

the lower layer were statistically more aligned (α-SMA: 0.416±0.032 vs. 0.238±0.040; p = 

6.85e-06 < 0.01, GFP: 0.423±0.017 vs. 0.251±0.041; p = 2.47e-03 < 0.01) than cells in the 

upper layer in x-z plane, while cells in the upper layer were statistically more aligned (α-

SMA: 0.458±0.050 vs. 0.178±0.029; p = 6.85e-06 < 0.01, GFP: 0.517±0.047 vs. 0.277±0.0 

28; p = 1.60e-03 < 0.01) than cells in the lower layer in y-z plane (Fig. 5E, 7E). The 

coherency distribution in x-z plane showed that most of the cells in lower layer were more 

aligned than those in the upper layer with little overlap (Fig. 5F, 7F).

In contrast, coherency analysis of α-SMA and GFP expressions for random two-layer ePCL 

scaffolds showed no statistical differences in cellular alignment between upper and lower 

layers in both x-z plane cross sections (α-SMA: 0.351±0.059 vs. 0.347±0.020; p = 0.909 > 

0.01, GFP: 0.373±0.033 vs. 0.389±0.008; p = 0.461 > 0.01) and y-z plane cross sections (α-

SMA: 0.309±0.041 vs. 0.327±0.043; p = 0.565 > 0.01, GFP: 0.357±0.038 vs. 0.373±0.046; 

p = 0.664 > 0.01) (Fig. 6E, 8E). The coherency distribution in x-z plane showed that most of 

the cells in upper and lower layers had similar cellular alignment with extensive overlap 

(Fig. 6F, 8F).

Summary of cellular alignment inside two-layer ePCL scaffolds (x-z and y-z planes)

For both x-z and y-z planes of two-layer ePCL scaffolds with orthogonally aligned fibers, 

the highest coherency factor was associated with cross sections that were cut “parallel” to 

aligned fibers (above 0.4), whereas the coherency factor was significantly lower when cross 

sections were taken “perpendicular” to aligned fibers (below 0.3). The layers of randomly 

aligned ePCL scaffolds consistently had average coherency factors that fell between 0.3 and 

0.4 (Fig. 3-8E). In addition, the coherency distribution of x-z plane analysis displayed 

Gaussian distribution (Fig. 3-8F). These results occurred for cells from both host and seeded 

SMS, thus validating that the fiber alignment of ePCL had influenced the cellular alignment 

inside two-layer scaffolds (Fig. 3-8).
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Discussion

We demonstrated that orthogonally aligned ePCL scaffolds could induce cellular alignment 

similar to intestinal circular and longitudinal smooth muscle layers. In contrast, ePCL 

scaffolds with randomly oriented fibers did not produce such distinguishable cellular 

alignment. Cells from both seeded SMS and host infiltrated into the entire depth of the two-

layer ePCL scaffolds. These results suggested that cells tended to elongate along the fiber 

direction not only on the surface of ePCL, but also inside the ePCL after infiltration.

While previous studies have shown 2D cellular alignment with oriented fibers (x-y plane) 

[2,5–9,22], our study has demonstrated that this approach is also applicable to 3D cellular 

alignment in vivo (x-z and y-z planes). We chose FDA-approved ePCL as scaffolds for 

clinically translatable practice. As a result, with only gelatin coating of the ePCL, cells from 

both seeded SMS and host aligned and elongated along the fiber directions inside the ePCL 

scaffolds. This system can be useful in tissue regeneration where alignment is essential: 

vasculature [2,3,27], myocardial tissue [4], musculoskeletal tissue [5], nervous system [6,7], 

and connective tissue [8,9].

A prior study suggested that the loss of architecture due to rapid degradation of the scaffold 

prior to the completion of tissue remodeling could impair cellular alignment and cause scar 

formation [28]. However, ePCL in vivo degradation studies showed only 20-30% molecular 

weight reduction after 3-6 months, without structural deterioration [28–31]. Similarly, in our 

study, there was no significant degradation of the scaffold at explantation, and ePCL fibers 

could still been seen on histology. Whether the observed cellular alignment will persist after 

ePCL degradation is unclear. The cells may still maintain their orientation because the 

extracellular matrix that replaced the ePCL fibers may also be aligned [32]. Future studies 

are needed to evaluate the longevity of cellular alignment after degradation of the ePCL.

Our ultimate goal is to construct fully functional intestinal smooth muscle layers capable of 

peristalsis. Future studies will use this system as a foundation to mimic the intestinal smooth 

muscle layers, by adding additional components into the two orthogonally aligned ePCL 

scaffolds. For example, purified enteric neuronal cells and interstitial cells of Cajal can be 

seeded in-between the two-layer ePCL scaffolds to serve as the myenteric plexus and aid 

intestinal smooth muscle cells by providing the necessary signals for peristalsis. Intestinal 

constructs fabricated from this two-layer aligned ePCL may be used to generate full-

thickness intestine useful for the treatment of short bowel syndrome or inflammatory bowel 

disease [33–36].

Conclusions

Our study demonstrated that orthogonally aligned ePCL scaffolds can regenerate the cellular 

alignment of native intestinal circular and longitudinal smooth muscle layers. Our analysis 

quantitatively confirmed that cells align along the ePCL fibers not only on the surface (x-y 

plane) but also inside of the ePCL scaffolds (x-z & y-z planes). Future development of this 

system by adding myenteric plexus components will promote the creation of more 

functional intestinal smooth muscle layers. Similarly, this system can be applied to other 
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types of tissues engineering that require alignment. Our investigation validated the 

significance of fiber alignment within scaffolds for engineering three dimensionally aligned 

tissues.
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Fig. 1. 
Schematic diagram of two-layer scaffolds for mimicking small intestine layers. (A) Basic 

setup for fabricating electrospun polypolycaprolactone (ePCL) sheets. (B) Laser cut ePCL 

scaffolds with aligned and random fibers. (C) Immunofluorescence of smooth muscle actin 

(α-SMA) expression and (D) HE staining of adult, mouse small intestine in cross section. 

Preparation of two-layer ePCL scaffolds with (E) aligned or (G) randomly oriented fibers for 

implantation. In order to mimic the intestinal circular and longitudinal muscle layers, two-

layer ePCL scaffolds with orthogonally oriented fibers were seeded with intestinal smooth 

muscles strips (SMS) and connected with a thin collagen gel before implantation. Two-layer 

ePCL scaffolds with randomly oriented fibers were used as controls. To compare the cell 

alignment inside the ePCL, two-layer scaffolds with (F) aligned or (H) randomly oriented 

fibers were cut in two perpendicular planes to expose cross sections in x-z and y-z planes. 

Scale bar = 50 μm. L = Lumen. ⊗ = alignment perpendicular to the cross section. ↔ = 

alignment parallel to the cross section.
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Fig. 2. 
Alignment of cells on SMS-seeded ePCL scaffolds. Scanning electron micrographs of ePCL 

with (A, C) aligned and (B, D) randomly oriented fibers at 250× and 1000× magnifications. 

(E) Coherency analysis of aligned and random ePCL (n=3). Scaffolds were seeded with 

SMS and immunostained at day 14. Images were taken to show the cell alignment on the 

ePCL surface (x-y plane). (G, H) α-SMA and (J, K) green fluorescent protein (GFP) 

expression of SMS seeded on (G, J) aligned and (H, K) random ePCL. Coherency analysis 

of (F) α-SMA (n=3) and (I) GFP (n=3) expression of SMS seeded on aligned and random 

ePCL. *p < 0.01. Error bar = SD. Scale bar A, B, G, H, J, K = 200 μm; scale bar C, D = 50 

μm.
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Fig. 3. 
Quantification of α-SMA alignment expressed by infiltrating host cells inside two-layer 

ePCL scaffolds with aligned fibers. ePCL scaffolds were retrieved on day 14 after 

implantation. α-SMA expression of infiltrating host cells inside aligned ePCL scaffolds in 

the (A) x-z and (B) y-z planes. HE staining of infiltrating host cells inside aligned ePCL 

scaffolds on the (C) x-z and (D) y-z planes. (E) Coherency analysis and (F) the distribution 

(x-z plane as representative) of α-SMA alignment of infiltrating host cells inside two-layer 

aligned ePCL scaffolds (n=6). *p < 0.01. Error bar = SD. Scale bar = 100 μm. SM = Skeletal 

M uscle. ⊗ = alignment perpendicular to the cross section. ↔ = alignment parallel to the 

cross section.
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Fig. 4. 
Quantification of α-SMA alignment of infiltrating host cells inside two-layer ePCL scaffolds 

with randomly oriented fibers. ePCL scaffolds were retrieved on day 14 after implantation. 

α-SMA expression of infiltrating host cells inside randomly oriented ePCL scaffolds on the 

(A) x-z and (B) y-z planes. HE staining of infiltrating host cells inside randomly oriented 

ePCL scaffolds on the (C) x-z and (D) y-z planes. (E) Coherency analysis and (F) the 

distribution (x-z plane as representative) of α-SMA alignment of infiltrating host cells inside 

two-layer random ePCL scaffolds (n=4). p > 0.01. Error bar = SD. Scale bar = 100 μm. SM 

= Skeletal Muscle.
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Fig. 5. 
Quantification of α-SMA alignment of seeded SMS and infiltrating host cells inside two-

layer ePCL scaffolds with aligned fibers. ePCL scaffolds were cultured in vitro for 3 weeks 

and retrieved on day 4 after implantation. α-SMA expression of seeded SMS and infiltrating 

host cells inside aligned ePCL scaffolds on the (A) x-z and (B) y-z planes. HE staining of 

seeded SMS and infiltrating host cells inside aligned ePCL scaffolds on the (C) x-z and (D) 

y-z planes. (E) Coherency analysis and (F) the distribution (x-z plane as representative) of 

α-SMA alignment of seeded SMS and infiltrating host cells inside two-layer aligned ePCL 

scaffolds (n=6). *p < 0.01. Error bar = SD. Scale bar = 100 μm. SM = Skeletal Muscle. ⊗ = 

alignment perpendicular to the cross section. ↔ = alignment parallel to the cross section.
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Fig. 6. 
Quantification of α-SMA alignment of seeded SMS and infiltrating host cells inside two-

layer ePCL scaffolds with randomly oriented fibers. ePCL scaffolds were cultured in vitro 

for 3 weeks and retrieved on day 4 after implantation. α-SMA expression of seeded SMS 

and infiltrating host cells inside randomly oriented ePCL scaffolds on the (A) x-z and (B) y-

z planes. HE staining of seeded SMS and infiltrating host cells inside randomly oriented 

ePCL scaffolds on the (C) x-z and (D) y-z planes. (E) Coherency analysis and (F) the 

distribution (x-z plane as representative) of α-SMA alignment of seeded SMS and 

infiltrating host cells inside two-layer random ePCL scaffolds (n=4). p > 0.01. Error bar = 

SD. Scale bar = 100 μm. SM = Skeletal Muscle.
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Fig. 7. 
Quantification of GFP alignment of seeded SMS inside two-layer ePCL scaffolds with 

aligned fibers. ePCL scaffolds were cultured in vitro for 3 weeks and retrieved on day 4 after 

implantation. GFP expression of seeded SMS inside aligned ePCL scaffolds on the (A) x-z 

and (B) y-z planes. HE staining of seeded SMS inside aligned ePCL scaffolds on the (C) x-z 

and (D) y-z planes. (E) Coherency analysis and (F) the distribution (x-z plane as 

representative) of GFP alignment of seeded SMS inside two-layer aligned ePCL scaffolds 

(n=3). *p < 0.01. Error bar = SD. Scale bar = 100 μm. SM = Skeletal Muscle. Not e: Fig. 5 

and Fig. 7 are the same locations. ⊗ = alignment perpendicular to the cross section. ↔ = 

alignment parallel to the cross section.
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Fig. 8. 
Quantification of GFP alignment of seeded SMS inside two-layer ePCL scaffolds with 

randomly oriented fibers. ePCL scaffolds were cultured in vitro for 3 weeks and retrieved on 

day 4 after implantation. GFP expression of seeded SMS inside randomly oriented ePCL 

scaffolds on the (A) x-z and (B) y-z planes. HE staining of seeded SMS inside randomly 

oriented ePCL scaffolds on the (C) x-z and (D) y-z planes. (E) Coherency analysis and (F) 

the distribution (x-z plane as representative) of GFP alignment of seeded SMS inside two-

layer random ePCL scaffolds (n=3). p > 0.01. Error bar = SD. Scale bar = 100 μm. SM = 

Skeletal Muscle. Note: Fig. 6 and Fig. 8 are the same locations.

Kobayashi et al. Page 19

Biomaterials. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript




