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Abstract

Tissue regeneration often requires recruitment of different cell types and rebuilding of two or more 

tissue layers to restore function. Here, we describe the creation of a novel multilayered scaffold 

with distinct fiber organizations—aligned to unaligned and dense to porous—to template common 

architectures found in adjacent tissue layers. Electrospun scaffolds were fabricated using a 

biodegradable, tyrosine-derived terpolymer, yielding densely-packed, aligned fibers that transition 

into randomly-oriented fibers of increasing diameter and porosity. We demonstrate that differently-

oriented scaffold fibers direct cell and extracellular matrix (ECM) organization, and that scaffold 

fibers and ECM protein networks are maintained after decellularization. Smooth muscle and 

connective tissue layers are frequently adjacent in vivo; we show that within a single scaffold, the 

architecture supports alignment of contractile smooth muscle cells and deposition by fibroblasts of 

a meshwork of ECM fibrils. We rolled a flat scaffold into a tubular construct and, after culture, 

showed cell viability, orientation, and tissue-specific protein expression in the tube were similar to 

the flat-sheet scaffold. This scaffold design not only has translational potential for reparation of 

flat and tubular tissue layers but can also be customized for alternative applications by introducing 

two or more cell types in different combinations.
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1 | INTRODUCTION

A central goal of tissue engineering is the development of tailored bio-materials to promote 

the regeneration of a damaged tissue or organ. Often the damage involves two or more 

Correspondence Jean E. Schwarzbauer, Department of Molecular Biology, Princeton University, Princeton, NJ 08540., 
jschwarz@princeton.edu. 

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of this article.

HHS Public Access
Author manuscript
J Biomed Mater Res A. Author manuscript; available in PMC 2021 May 01.

Published in final edited form as:
J Biomed Mater Res A. 2021 May ; 109(5): 733–744. doi:10.1002/jbm.a.37058.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adjacent tissue layers, each with disparate cellular organizations and molecular compositions 

that are related to their specialized functions. For example, in many organs and tube-shaped 

tissues, a smooth muscle layer, essential for oriented tissue contraction and elasticity, is 

supported by a connective tissue meshwork of extracellular matrix (ECM) and fibroblasts.1,2 

A biomaterial that can provide regional cues to control the geometry and phenotype of cells, 

like smooth muscle cells (SMCs) and fibroblasts, in distinct locations would be greatly 

beneficial for regeneration of multiple tissue layers.

Electrospun scaffolds are highly utilized in tissue engineering applications.3,4 Fiber 

architecture and mechanical properties can be tuned to yield structures that vary in porosity 

and alignment to resemble various types of tissue ECM organization.5 Scaffolds can also be 

used in combination with bioactive cues, such as growth factors, ECM proteins, or cell-

signaling peptides, to promote specific cell behaviors.6–8 For an electrospun scaffold to 

support regeneration of adjacent tissue layers, its three-dimensional (3D) structure would 

need varying fiber architectures to template the different cell and ECM organizations in each 

layer as well as region-specific signals to induce appropriate cell phenotypes. Layered and 

graded formats of electrospun scaffolds have been reported that vary in mechanical 

properties, bioactivity, or fiber organization.9–11 For example, tri-laminar composite 

scaffolds that mimic the properties and biochemical composition of cartilage have been 

fabricated.12,13 Scaffolds that vary in porosity to allow cell infiltration or fluid flow have 

been described such as mixed electrospinning with a sacrificial polymer.7,9 However, few 

reports describe scaffolds that vary in both fiber organization and density together.

In this study, we used sequential electrospinning to fabricate multilayered scaffolds with 

distinct fiber organizations, aligned/unaligned and dense/porous, generated by 

electrospinning of E1001(1k), a biodegradable tyrosine-derived terpolymer. E1001(1k) has 

been used for regeneration in nerve, bone, and other cellular environments, demonstrating its 

compatibility for growth of different cell types including osteoclasts and pre-osteoblasts.
14,15 Importantly, the polymer is degradable over a time period of 8 months, unlike ~3 years 

for the widely used polycaprolactone (PCL); and the degradable products are not acidic and 

thus are not inflammatory, unlike the widely used polylactic acid polymer.16,17 Furthermore, 

E1001(1k) can be chemically tuned to customize the degradation profile and mechanical 

properties of a scaffold for a specific regenerative application.18 The scaffold described here 

varies in fiber alignment and density. We demonstrate the ability of the aligned side of the 

scaffold in combination with the cytokine transforming growth factor-beta 1 (TGF-β1) to 

direct the alignment of contractile SMCs while fibroblasts simultaneously deposit a 

meshwork ECM supported by the unaligned side of the scaffold, thus recreating two 

neighboring tissue layers that are commonly found together in vivo. We show that the 

multilayered scaffold with SMCs and fibroblasts can be rolled and then cultured as a tube-

shaped biomaterial, resembling the organization of smooth muscle and connective tissue in 

the walls of tubular tissues. In addition to smooth muscle/fibroblast layers, this multilayered 

scaffold should be applicable to other tissue layers by varying scaffold architecture or 

populating with different cell types.
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2 | MATERIALS AND METHODS

2.1 | Preparation of a multilayered electrospun scaffold

Scaffolds were prepared from the random block copolymer poly(DTE-co-10% DT-co-1% 

PEG carbonate) composed of desaminotyrosyl-tyrosine ethyl ester (DTE), desaminotyrosyl-

tyrosine (DT), and PEG, that will be referred to as E1001(1k), where 10 and 01 are the mole 

percent of DT and PEG, respectively, and 1k is the molecular weight of PEG (1,000 Da).
16,18 The three components of the polymer serve different purposes. The main chain of DTE 

segments aids in polymer processing, has the required mechanical properties, and provides 

chemical stability during processing and use. Increasing the fraction of DT units increases 

the degradation rate from days at 25 mol % DT to hours at 50 mol % DT. Thus, 10 mol % 

DT used here provides a degradation rate of approximately 1 year. Because both DTE and 

DT are very hydrophobic, PEG was incorporated to increase water content and allow for 

degradation. PEG(1k) remains biocompatible after degradation and, unlike PEG(2k), does 

not crystallize in the scaffold.19 The polymer was dissolved in hexafluoropropylene to 

prepare two solutions with concentration 16 and 10% that were used in electrospinning. The 

electrospinning apparatus consisted of a syringe pump (kd Scientific, Model 780100, 

Holliston, MA), high voltage DC power supply (Gamma High Voltage Research, Model 

ES30P/5W/DAM, Ormand Beach, FL) fitted with an 18 G needle, and a rotating mandrel. 

The syringe was placed 10 cm away from the mandrel. By laterally oscillating the 5 cm 

diameter mandrel, we obtained 13 × 21 cm fiber sheets. The speed of the mandrel was 

controlled by a DC power supply (Model 1627A, BK Precision, Yorba Linda, CA). The 

linear speed was set at 30 meters per minute (mpm) for unaligned layers and to 650 mpm for 

aligned layers. Multilayered scaffolds were prepared in three steps: 16% polymer solution 

was spun into an unaligned layer at 2 mL/hr for 30 min, followed by an additional unaligned 

layer with 10% solution at 1 mL/hr for 30 min, and finally an aligned layer with 10% 

solution at 1 mL/hr for 30 min. Fiber morphology was assessed using a scanning electron 

microscope (SEM) (Phenom ProX, Nanoscience Instruments, Phoenix, AZ) as well as a 

Nikon A1 confocal microscope in reflectance mode. NIS Elements-C software was used to 

create maximum intensity projections and volume reconstructions. The tyrosine-derived 

polymer scaffolds were autoflourescent across a range of wavelengths (400–800 nm). 

Scaffold thickness was measured using a micrometer as well as transverse SEM images and 

found to be 40–50 μm.

Scaffolds were electrospun as flat sheets and cut into 10 mm squares for culture. Cut 

scaffolds were secured to the bottom of a cell culture well with vacuum grease. For some 

experiments, 13 mm diameter and 160 μm tall PCL rings were 3D printed onto the 

electrospun scaffold to provide support and facilitate handling. For the transwell format, 14 

mm tall PCL rings were printed onto the scaffold. Scaffolds with PCL rings were secured in 

the cell culture well by placing a plastic O-ring on top and sterilized by exposure to UV light 

for 1–2 hr.

2.2 | Cell culture and decellularization on E1001 (1k) scaffolds

NIH 3T3 cells (ATCC, Manassas, VA) and WKY3M22 rat SMCs (a gift from Victor 

Koteliansky)20 were cultured in Dulbecco’s modified Eagle’s media (DMEM) containing 10 

Garrison et al. Page 3

J Biomed Mater Res A. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or 5% bovine calf serum (BCS) (HyClone Laboratories, Logan, UT), respectively, and an 

antibiotic/antimycotic cocktail (Corning Life Sciences, Oneonta, NY) in a humidified CO2 

incubator at 37°C. Human fibroblast cells (BJ, ATCC CRL-2522) were grown in DMEM 

containing 10% fetal bovine serum (HyClone Laboratories). Then, 7.5 × 104 (4 × 104 

cells/cm2) fibroblasts or SMCs were seeded on the unaligned or aligned side of E1001 (1k) 

scaffolds and grown for 7 days, with media changed on Day 4. Recombinant human TGF-β1 

protein was solubilized in 4 mM HCL, 0.1% BSA according to the manufacturer’s 

instructions (R&D Systems, Minneapolis, MN, USA). For treatment of cells, 1 × 105 (5.3 × 

104 cells/cm2) SMCs or fibroblasts were grown for 2 days to confluence, after which 

medium was replaced with medium containing 2 ng/ml recombinant TGF-β1 protein or an 

equivalent volume of vehicle and cells were grown for an additional 3 days. For delivery of 

TGF-β1 by agarose droplet, a 1% low-melting point agarose (Sigma-Aldrich) solution was 

prepared in DMEM containing 5% BCS and 2 ng total of TGF-β1. Agarose droplets were 

placed on the unaligned side of the scaffold and solidified by incubating for 5 min at 4°C 

before cell seeding.

For decellularization, the standard Schwarzbauer lab protocol was used with the following 

modifications: an additional 15-min lysis buffer incubation, extension of the third lysis 

buffer incubation to 1.25 hr, and treatment with 20 U/ml DNase I (New England Biolabs 

Inc., Ipswich, MA) to remove any remaining nuclear material.21

2.3 | Fibrin-FN matrix contraction assay

Fibrin-FN matrices were prepared as described previously.22,23 No additional FN or Factor 

XIII was required for clot formation. Cells were cultured for 24 hr in medium with 2 ng/ml 

TGF-β1 or vehicle before addition to clot components. Clots were carefully detached from 

the well walls using a thin needle under a dissecting microscope. The diameter of the clot 

was measured over 4 hr as described previously.22,23 The percent contraction was averaged 

from nine total reactions from five independent experiments and normalized to the average 

contraction of a FN-fibrin clot that did not contain cells. Statistics were performed on 

contraction measurements and p-values were determined using the student’s t test. p-Values 

less than .05 were considered to be significant.

2.4 | Tubular E1001(1k) scaffold construction

A 35 mm × 20 mm rectangle was cut from the scaffold sheet with fibers perpendicular to the 

long edge of the scaffold sheet. The cut scaffold was placed in a 60 mm dish and secured 

with vacuum grease. Then, 4 × 104 cells/cm2 WKY3M22 SMCs were seeded and allowed to 

attach overnight. The scaffold was then rolled into a tube shape with the aligned SMC side 

on the inside, secured at the ends with cylinders cut from Plastic Pipet Tips, and moved into 

a 10-cm dish. A flat sheet of the same size and seeded with the same number of cells as the 

tube was used as a control. Cells were cultured for 7 days. Plastic cylinders were gently 

removed using tweezers while the tube was in aqueous medium. Squares were cut from 

different locations across the tube structure for staining and flattened between two coverslips 

for imaging.
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2.5 | Coculture of SMCs and fibroblasts

For flat scaffold coculture, a PCL-ringed scaffold was placed with the unaligned side up in a 

24-well dish. NIH 3T3 fibroblasts were seeded on the top unaligned side in 200 μl of 

medium and allowed to attach for 3 hr. Unattached cells were removed by washing and the 

ringed scaffold was moved to a new well, inverted with the aligned side up, and secured 

between two plastic O-rings so that both sides of the scaffold were exposed to medium. 

WKY3M22 SMCs were seeded on the top aligned side and allowed to attach for 1 hr. The 

scaffold with cells and O-rings was transferred to a new well, cultured in NIH 3T3 cell 

medium for 2 days and then treated with 2 ng/ml recombinant human TGF-β1 protein as 

described above. Low seeding volumes, movement of the scaffold to new wells after 

seeding, and using O-rings to secure the scaffolds helped to segregate the cells on opposite 

sides of the scaffold. For tube coculture experiments, a scaffold sheet was cut as described 

above and 4 × 104 cells/cm2 WKY3M22 SMCs were seeded onto the aligned side of the 

sheet scaffold. The next day, 4 × 104 cells/cm2 NIH 3T3 fibroblasts were seeded onto the 

unaligned side. The coculture was incubated in fresh medium overnight and then rolled into 

a tube the next day. Cells in tubes were cultured in medium containing 2 ng/ml TGF-β1.

2.6 | Antibodies

The following primary antibodies were used for immunofluorescence: rabbit anti-fibronectin 

polyclonal antiserum (R457) diluted 1:50,24 anti-human fibronectin monoclonal antibody 

culture supernatant (HFN7.1) diluted 1:300 (DSHB), and anti-alpha smooth muscle actin (α-

SMA) monoclonal antibody clone 1A4 diluted 1:100 (ThermoFisher, 14-9760-82). 

Secondary antibodies were Alexa Fluor 568-goat anti-mouse IgG (H + L), Alexa Fluor 488-

goat anti-rabbit IgG (H + L), and Alexa Fluor 568-goat anti-rabbit IgG (H + L) (Life 

Technologies, Grand Island, NY) all diluted 1:400. DAPI was diluted 1:400 (Sigma-

Aldrich), and Texas Red-X Phalloidin diluted 1:50 (ThermoFisher, T7471). The following 

antibody dilutions were used for immunoblotting: 1A4 at 1:7,500, HFN7.1 at 1:2,000, anti-

calponin at 1:1,000 (Sigma-Aldrich, C2687), rat-specific fibronectin monoclonal antibody 

IC3 at 1:2,000,25,26 and GAPDH rabbit monoclonal antibody at 1:10,000 (Cell Signaling, 

2118S). The secondary antibodies were either horseradish peroxidase-conjugated goat anti-

rabbit IgG or goat anti-mouse IgG diluted 1:10,000 (Pierce Chemical Co., Rockford, IL).

2.7 | Immunofluorescence and microscopy

Samples were fixed with 3.7% paraformaldehyde (Sigma-Aldrich) in PBS for 15 min at 

room temperature. For some experiments, cells were permeabilized with 0.5% Triton X-100 

(Sigma) in PBS for 15 min at room temperature. Scaffolds were stained with TrueBlack 

Lipofuscin Autofluorescence Quencher (Biotium, Fremont, CA) in 70% ethanol for 2 min at 

room temperature and blocked with 5% goat serum for either 30 min or overnight at 37 and 

4°C, respectively. Incubations were at room temperature for 1 hr and dilutions were made in 

2% ovalbumin in PBS. Samples were mounted using ProLong Gold anti-fade reagent (Life 

Technologies). Images were captured with a Nikon A1 confocal microscope in both 

fluorescence and reflectance mode. Images were reconstructed and analyzed using Nikon 

Elements and ImageJ software. To quantify immunofluorescence intensity of cells 

expressing α-SMA and actin, mean fluorescence intensity was measured and averaged for 
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6–8 images per condition using FIJI Software (NIH, https://imagej.nih.gov). All 

fluorescence intensity quantification was performed on unadjusted 8-bit gray scale images. 

Images were adjusted for brightness and contrast for publication using FIJI; images 

compared to one another were adjusted equivalently.

FN matrix orientation was quantified by fast Fourier transform (FFT) analysis using five 

cropped (1,024 × 1,024) 8-bit images (×20 magnification). A gray scale mask was 

constructed as described previously using a gradation of gray scale pixels to account for 

edge artifacts.27,28 Oval Profile Plugin (authored by William O’Connell) was used to 

determine the summed pixel intensity for each angle between 0 and 360°. Since the plot is 

nearly symmetrical, the radial intensity data were averaged and plotted from 0 to 180°, 

normalized to a baseline value of 0 and plotted in arbitrary units ranging from 0 to 0.10.

2.8 | Immunoblotting

Fibronectin was isolated from media by gelatin-Sepharose affinity chromatography (Sigma-

Aldrich). To analyze intracellular proteins, cells were lysed with radioimmune precipitation 

buffer (1% NP-40, 0.5% Na-DOC, 0.1% SDS, 2 mM EDTA, 150 mM NaCl, 50 mM Tris–

HCl, pH 7.4). Total protein quantifications were determined with BCA Protein Assay 

(Pierce). Samples were prepared with equal protein concentrations, resolved by SDS-PAGE 

on either 8, 10, or 13% polyacrylamide gels, and transferred to nitrocellulose membranes. 

Calponin and α-SMA blots were blocked with 5% nonfat dry milk (Lab Scientific) or 5% 

BSA (Sigma), respectively, in TBST, pH 7.8, overnight at 4°C. Chemiluminescence was 

conducted using SuperPlus ECL reagents (ThermoFisher). Densitometry was performed on 

scanned films using FIJI. Only exposures yielding signals within the linear range for control 

samples were quantified. Immunoblots of lysates from three independently performed 

experiments were analyzed and quantified signals were averaged across experiments.

3 | RESULTS

3.1 | Fabrication of an electrospun scaffold with distinct fiber organizations

We created an electrospun scaffold made of the polymer E1001 (1k) in which the scaffold 

fibers transition through three layers from highly aligned to randomly oriented. The aligned 

side of the scaffold, which was electrospun with a 10% polymer solution, is more uniform 

with 0.5–1 μm diameter fibers separated by 5–10 μm gaps oriented in a similar direction to 

one another as shown by SEM (Figure 1a) and confocal microscopy (Figure S1a). The 

unaligned section of the scaffold was spun with 10 and 16% polymer solutions to generate 

thicker fiber diameters ranging from 2–4 μm. Fiber diameters are thinner for the internal 

fibers and thicken closer to the surface of the unaligned side (Figures 1b and S1a). The 

scaffolds used here have overall thicknesses of 40–50 μm, but thickness can be increased by 

adjusting the spin time. Due to the opacity and light scattering of the scaffold fibers, it is not 

possible to image through the entirety of the scaffold using confocal microscopy. However, 

we were able to clearly image 20–30 μm into the scaffold from each side and visualize the 

transition in fiber organization by imaging at different planes across the layers of the 

scaffold. Dense aligned fibers extend across at least the top 8 μm of the scaffold (Figure 1c 

(a,b)). In the middle of the scaffold 26 μm in from each side (Figure 1c (c,c′)), fiber density 
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is maintained but fibers show less alignment. Imaging through the unaligned side, the fibers 

are both less aligned and less densely packed creating a porous, randomly oriented structure 

(Figure 1c (d,e)). Quantification of scaffold fiber alignment by FFT analysis of confocal 

slices at different depths across the scaffold confirms a transition from aligned to unaligned 

fibers (Figure S1b). Thus, the scaffold consists of fiber densities that progress from dense to 

porous and fiber orientations from aligned to unaligned.

3.2 | Cell and ECM organization in response to scaffold fiber orientations

To investigate the effect of the scaffold fiber orientation on cell and matrix fibril 

organization, we cultured mouse NIH 3T3 fibroblasts separately on aligned and unaligned 

sides of the electrospun scaffolds. The cells attached equivalently on the two sides of the 

scaffold and assembled a dense FN-rich matrix. We did not observe differences in fibroblast 

proliferation between the two scaffold sides; cells on aligned and unaligned scaffold sides 

reached confluence at the same time (data not shown). On the aligned side, cells were 

oriented with the scaffold fibers (Figure S2) and assembled FN fibrils parallel to the scaffold 

fibers (Figure 2a). On the unaligned side, cells were in various orientations (Figure S2) and 

the cell-assembled matrix was a meshwork array of fibrils (Figure 2b). The degree of matrix 

alignment for each side of the scaffold was quantified using FFT analysis. The radial 

summation of pixel intensity data for each angle is plotted from 0 to 180° with the peak at 

90° indicating global parallel alignment of FN fibrils across the aligned scaffold surface 

(Figure 2c). The lack of an obvious peak for FN matrix on the unaligned side indicates the 

lack of a preferred orientation for FN fibrils. A major concern for the use of electrospun 

scaffolds in tissue regeneration is lack of cell infiltration into scaffolds in order to create a 

3D cell-scaffold construct.29 Infiltration into the aligned side of the scaffold was limited; 

cells and matrix were confined to the top of the scaffold whereas cells infiltrated the 

unaligned side of the multilayered scaffold and nuclei could be detected at least 20 μm deep 

(Figure S3). Thus, our multilayered scaffold supports unidirectional cell infiltration so that 

cells on one side are confined to a monolayer organization while cells on the other side have 

a 3D organization embedded in their ECM.

To test the stability of both the scaffold fibers and ECM, we analyzed their organizations 

after a decellularization procedure.7,21 Imaging revealed a dense meshwork of matrix fibrils 

on top and within the scaffold after cell removal and the differing FN matrix organizations 

on either side of the scaffold were preserved (Figure S4). Importantly, the high pH of the 

decellularization solutions did not negatively affect the organization of the scaffold fibers. 

Thus, we can generate two differently oriented ECM-synthetic fiber structures within one 

scaffold by varying the scaffold fiber properties to direct distinct cell and ECM 

organizations.

3.3 | Scaffold permeability

Cells infiltrate the porous unaligned scaffold but are unable to move through the aligned 

fibers, indicating that cells from opposite sides of the scaffold do not directly interact. 

However, they may still communicate through the exchange of secreted proteins. To test 

permeability, scaffolds were fabricated with a 3D-printed ring in a transwell format, a design 

that allows access of media to each side of the scaffold while maintaining separate inside 
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and outside compartments (Figure 3a). PBS added to the inside of the transwell freely 

passed through to the other side of the scaffold. The transit of serum proteins through a 

transwell scaffold with a confluent, aligned SMC layer was monitored over 24 hr. Serum 

albumin at 67 kDa and other serum proteins were detected at the earliest timepoint of 30 min 

and serum protein levels equilibrated between the two compartments by 8 hr (Figure 3b). 

SMCs secrete FN, a much larger 500 kDa protein, and our analysis also showed that FN 

traversed the cell-scaffold thickness (Figure 3c). These results show that proteins freely 

diffuse across a multilayered scaffold populated with cells.

3.4 | Directing SMC phenotype on an aligned scaffold

SMCs have the ability to undergo phenotypic switching between a “contractile” phenotype, 

characterized by an increase in myofilaments and expression of contractile proteins, such as 

α-SMA, calponin, and h-caldesmon, and a “synthetic” phenotype characterized by increased 

proliferation and ECM synthesis and a decrease in contractile protein markers.30–32 Healthy, 

adult smooth muscle tissue primarily consists of contractile SMCs that are aligned to 

provide an oriented contractile force.33 Topographical cues can stimulate both SMC 

alignment and increased expression of contractile protein markers.34–36 Aberrant switching 

of SMC phenotype from contractile to synthetic is thought to underlie the development of 

disease, making it crucial to control SMC phenotype in an implanted scaffold.37–39 When 

SMCs were cultured on the aligned side of the multilayered scaffold, they grew to 

confluence and aligned with scaffold fibers. Only a small percentage of cells had stress 

fibers containing α-SMA (Figure 4a) suggesting that SMC alignment on the scaffold fibers 

was not sufficient to promote a contractile phenotype.

The cytokine TGF-β1 can promote a contractile phenotype40–42 and we found that treatment 

of SMCs on an aligned scaffold with TGF-β1 increased the number of α-SMA stress fibers 

and the mean fluorescence intensity by 2.1 ± 0.6-fold (p < .001) compared to control, while 

the mean fluorescence intensity of total actin stress fibers was unchanged (1.0 ± 0.2-fold, p 
= .42) (Figure 4a). Additionally, TGF-β1 treatment increased expression of the contractile 

protein markers α-SMA (4.0 ± 0.9-fold) and calponin (1.9 ± 0.2-fold) (Figure 4b). To 

directly test whether the increased contractile protein expression stimulated SMC 

contractility, we performed a matrix contraction assay using SMCs treated with either TGF-

β1 or vehicle control in a 3D fibrin-FN matrix.22,23 Contraction by TGF-β1-treated SMCs 

was significantly greater than by control SMCs (27.2% ± 2.2 vs. 16.4% ± 1.5) (Figure 4c). 

We conclude that while the aligned fibers of the scaffold direct SMCs into an aligned cell 

layer, addition of TGF-β1 is required to enhance the contractile phenotype.

To determine whether we can incorporate cell differentiation cues into the multilayered 

scaffold, a drop of low-melting point agarose with or without TGF-β1 was deposited within 

the unaligned fibers of the scaffold and SMCs were cultured on the opposite aligned side. 

Differentiation was monitored by staining for assembly of α-SMA. Our results show that, 

compared to control, the TGF-β1 droplet stimulated a significant increase in α-SMA stress 

fibers similar to the level observed with global delivery of TGF-β1 (Figure S5). Thus, 

localized delivery of TGF-β1 promotes a contractile SMC.
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3.5 | Communication between smooth muscle and connective tissue layers in a scaffold

In vivo, proteins diffuse through tissues and across tissue layers to affect cell functions in 

other compartments. For example, FN circulating in blood plasma crosses the endothelium 

to become incorporated into the underlying ECM of most tissues and organs.43–45 To test if 

FN matrix assembly occurs across layers in the scaffold, we cultured human fibroblasts on 

the unaligned outside and rat SMCs on the aligned inside of a transwell scaffold. 

Immunoblotting of FN from the medium on each side of the transwell with species-specific 

antibodies detected human FN and rat FN in both compartments (Figure 5a), showing 

diffusion across the cell-scaffold material. Immunofluorescence analyses with an anti-human 

FN specific antibody showed that not only did human fibroblasts on the outside of the 

transwell scaffold produce and assemble a dense FN matrix, but human FN was also 

incorporated into the matrix assembled by rat SMCs on the inside of the transwell (Figure 

5b). Therefore, FN can travel through the scaffold between the cell layers and contribute to 

matrices at a distance, similar to what occurs in vivo.

FN has been shown to promote a synthetic SMC phenotype46 raising the possibility that 

SMC assembly of FN produced by nearby fibroblasts might have an impact on SMC 

phenotype. Thus, we wondered if TGF-β1 treatment could still induce a contractile 

phenotype when SMCs and fibroblasts were cocultured in the scaffold. NIH 3T3 cells 

growing on the unaligned side and SMCs on the aligned side of the scaffold were treated 

with TGF-β1 and then stained for FN and α-SMA. Both cell types reached confluence on 

their respective scaffold sides. SMCs and their FN fibrils were aligned in a similar direction 

whereas the NIH 3T3 cells were not aligned and had a meshwork FN organization (Figure 

6). SMCs with α-SMA stress fibers in this coculture were comparable to SMCs cultured 

alone on the scaffold. Importantly, the NIH 3T3 cells did not develop α-SMA stress fibers 

(Figure 6). SMCs had a higher α-SMA mean fluorescence intensity of 1.37 compared to the 

NIH 3T3 cell layer. This difference in intensity combined with visible α-SMA stress fibers 

in SMCs but not fibroblasts shows that we can use the multilayered scaffold in conjunction 

with TGF-β1 to control both the organization and phenotype of two separate cell layers in 

order to maintain an aligned, contractile SMC layer while also supporting a porous FN-rich 

fibroblast layer.

3.6 | Converting a flat scaffold into a tube

Many tubular tissues have adjacent smooth muscle and connective tissue layers.47 To 

determine if a cell-seeded scaffold could be translated into a tubular construct, SMCs were 

allowed to adhere to the aligned side of a rectangular scaffold sheet and then the scaffold 

was rolled into a tubular shape, with the scaffold fibers aligned circumferentially. To 

maintain the rolled shape, short plastic cylinders were used to secure the ends of the tube 

(Figure S6a) and tubes were then cultured for 1 week, sufficient time for cells to grow to 

confluence and assemble a FN matrix when in the flat scaffold format. The plastic cylinders 

were removed and, surprisingly, the scaffold retained a tubular shape without external 

support (Figure S6a). We speculate that the confluent, aligned SMC layer with its supporting 

ECM reinforced the mechanical stability of the tube and allowed for shape retention after 

removal of the plastic cylinders. Because of the flexibility of the synthetic material, we 

could roll a cell-seeded scaffold into a tube for cell culture but then unroll it after culture to 
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analyze cell proliferation and matrix assembly. Analysis of cell viability and orientation 

within the tube by actin staining demonstrated the cells had grown to confluence and were 

aligned with the scaffold fibers (Figures 7a and S6b), similarly to cells grown on a flat 

scaffold. We were also able to directly electrospin a multilayered scaffold in a sealed, tubular 

format (Figure S7). To generate a tube with two tissue layers, a scaffold with SMCs attached 

to the aligned side and fibroblasts to the unaligned side was rolled with the aligned side in 

and then cultured with TGF-β1. Cells reached confluence on both sides of the scaffold and 

showed the expected organization of fibroblasts within a meshwork array of FN fibrils and 

of SMCs aligned with their matrix (Figure 7b). α-SMA stress fibers were evident in the 

SMCs but less so in the NIH 3T3 cells, with SMCs having a mean fluorescence intensity of 

1.42 compared to the fibroblasts. This strategy has the advantage that cells are grown on the 

flat scaffold, which promotes uniform cell seeding, uniform delivery of soluble factors and 

other cell treatments, and ease of analysis, prior to rolling into a tube for implant.

4 | DISCUSSION

During tissue regeneration and repair, multiple tissue layers with dis-similar structure and 

function need to be reestablished simultaneously. We created a novel, multilayered 

electrospun scaffold that transitions from a highly aligned, dense fiber network into a 

porous, unaligned structure, a common organization across neighboring tissue layers. The 

scaffold fiber density allows diffusion of proteins at least as large as fibronectin, thus 

permitting communication between cells on opposite sides through exchange of cell-specific 

factors. Using this scaffold design, we were able to simultaneously direct SMCs and 

fibroblasts to adopt aligned and unaligned cell and ECM organizations, respectively. 

Treatment of this coculture with TGF-β1 induced development of a contractile SMC 

phenotype without changing α-SMA expression by fibroblasts. Thus, this novel scaffold 

structure has the ability to recreate multiple tissue layers simultaneously, including treatment 

with a cell differentiation factor, in both flat and tubular formats, and can be utilized in 

combination with soluble factors or ECM proteins to promote cell-specific phenotypes 

found in adjacent tissue layers.

An important feature of this scaffold is that it supports unidirectional cell infiltration. Cells 

are confined to a monolayer on the aligned side of the scaffold where fibers are densely 

packed. In contrast, infiltration into the unaligned scaffold side allowed for a 3D 

organization of cells and ECM that resembles connective tissue in vivo. Cells primarily 

penetrated the scaffold layer spun with a 16% polymer solution, which generates thicker 

diameter fibers with larger pores. In contrast to the multilayered scaffold, when cells were 

analyzed on a bilayer scaffold consisting of aligned and unaligned layers, both spun with a 

10% polymer solution, cell infiltration was significantly inhibited (CMG, unpublished 

observations). Fiber densities throughout the multilayered scaffold did not prevent protein 

diffusion through the structure. FN produced by cells on one side diffused to the other side 

where it could be incorporated into the matrix. Therefore, in addition to customizing the 

composition and orientation of cell-derived ECM by changing the cell types on either side of 

the scaffold, one could also supplement the matrix on one side with ECM proteins produced 

by cells on the other side. After implant, a scaffold customized with tissue-specific cells and 

their ECM could act as a template for infiltration of endogenous cell types, and because 
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E1001(1k) is biodegradable, the gradual loss of fiber mass would allow cells to replace 

synthetic fibers with tissue-specific ECM. FN forms a foundational matrix that is required 

for the matrix deposition of many other ECM proteins including collagens.48–50 We expect 

that the distributions and organizations of these other ECM proteins will follow FN fibrils in 

alignment or as a meshwork.

Others have utilized scaffold constructs to coculture relevant cell types found in adjacent 

tissues, such as endothelial cells, SMCs, and fibroblasts.51,52 It has been reported that cell 

differentiation and certain cell phenotypes can be promoted in coculture compared to 

monoculture.53,54 In contrast to our work, these studies did not direct adjacent cell layers to 

form distinct tissue architectures. In our study, the multilayered scaffold in combination with 

TGF-β1 promoted a contractile phenotype in SMCs on the aligned side of the scaffold 

without affecting the phenotype of fibroblasts cocultured on the opposite, unaligned side of 

the scaffold. This demonstrates the ability to utilize the multilayered scaffold in combination 

with external factors to manipulate the phenotype of one cell layer without significantly 

adversely affecting the phenotype of cells on the other side of the scaffold. While we 

focused solely on SMCs and fibroblasts, this scaffold is compatible with other cell types 

(CMG, unpublished observations) allowing for customization to specific tissue engineering 

efforts by varying cell layer pairings.

Significant progress has been made in the development of tube scaffolds for the replacement 

of tubular tissues, such as a blood vessel.55–57 Many of these constructs require in vivo 

recellularization by host cells, but recently, there has been an increase in studies using in 

vitro cell seeding of tube scaffolds.58,59 One significant advantage of our tube construct is 

that cells are seeded and grown on the flat scaffold prior to rolling into a tube, eliminating 

the challenge of obtaining evenly distributed cell adhesion and growth inside of the tube.60 

Indeed, some groups are addressing this problem by focusing on shape-changing polymers 

to form self-rolled tubes, where scaffolds can be populated with relevant cell types in 2D and 

then be induced to change shape after implantation in vivo.61,62 A second advantage of the 

multilayered scaffold is that a single scaffold controls the cell and ECM organizations in 

separate but adjacent tissue layers. The tissue layers are determined by the types of cells 

seeded in the scaffold. Third, our system is easily combined with other biological factors for 

the promotion of specific phenotypes, which is a major benefit for cell types with the ability 

to differentiate or undergo phenotypic switching. Finally, E1001(1k) is a nontoxic, 

biodegradable material.16,17 Thus, we anticipate that after implantation of a cell-seeded 

scaffold in vivo, cells on both sides of the scaffold as well as endogenous cells will be able 

to infiltrate further in as the scaffold degrades, replacing the degraded scaffold with ECM 

and new tissue. Previous studies have shown that when endothelial cells are seeded onto an 

SMC layer, they can attach, proliferate, and form a monolayer.50 Thus, our coculture system 

could be adapted to add a third tissue layer consisting of endothelial cells, recapitulating the 

multiple cell layer structure of organs such as the esophagus, blood vessel, and urinary 

bladder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Fiber orientations in a multilayered electrospun scaffold. Representative scanning electron 

microscope (SEM) images of the aligned (a) and unaligned (b) sides of the E1001(1k) 

scaffold are shown. Scale bar = 80 μm. (c) Confocal microscopy images were collected in 

reflectance mode to capture the structure of the scaffold fibers. Then, 2 μm thick confocal 

slices are shown starting from aligned (images a–c) and unaligned (images c′–e) sides. z 

corresponds to the distance from the scaffold surface. Images are representative of scaffold 

structure. Scale bar = 50 μm
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FIGURE 2. 
Fibronectin (FN) matrix fibril orientations on the electrospun scaffold. Mouse NIH 3T3 

fibroblasts were seeded onto either the aligned (a) or unaligned (b) side of separate scaffolds 

and grown for 7 days. Cells were fixed and stained with R457 anti-FN antiserum. 

Representative reflectance (scaffold) and FN confocal images of the same fields of view are 

shown. Scale bar = 50 μm. (c) FN fibril orientations on either side of the scaffold were 

quantified by fast Fourier transform (FFT) analysis of fluorescent images. Five images were 

averaged per condition and radial intensity data were plotted from 0 to 180° (error bars = 

SEM)
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FIGURE 3. 
Assessment of scaffold permeability. (a) Schematic of the transwell design showing 

confluent smooth muscle cell (SMCs) in Dulbecco’s modified Eagle’s media (DMEM) + 

serum on the scaffold surface inside the transwell and DMEM without serum on the outside 

of the transwell. (b) Aliquots of medium were collected from the outside of the transwell at 

the indicated times in hours. Equal volumes of medium were separated on an 8% 

polyacrylamide-SDS gel and proteins were detected by silver staining. DMEM alone and 

serum-containing medium were used as negative and positive controls, respectively. 

Molecular mass standards are shown on the left. (c) SMCs were cultured on a transwell 

scaffold for 5 days and then aliquots of media were collected from both sides of the 

transwell and immunoblotted with IC3 anti-FN monoclonal antibody
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FIGURE 4. 
Development of smooth muscle cell (SMC) contractile phenotype. (a) WKY3M22 rat SMCs 

on the aligned side of the multilayered scaffold at confluence were incubated in medium 

with either 2 ng/ml transforming growth factor-beta 1 (TGF-β1) (bottom) or vehicle (top) for 

days. Cells were fixed and stained with anti-alpha smooth muscle actin (α-SMA) antibody 

(green) and Texas-Red phalloidin to detect actin (red). The fold change in mean fluorescence 

intensities of TGF-β1-treated samples compared to control are shown in white (mean ± SE) 

for both α-SMA and actin (n = 3). (b) Cells grown and treated as in A were lysed in RIPA 

buffer. Samples were separated on a 10% polyacrylamide-SDS gel followed by 

immunoblotting with anti-α-SMA, anti-calponin, or anti-GAPDH antibodies. Representative 

blots are shown. (c) Contraction of fibrin-FN matrices containing TGF-β1-treated or control 

WKY3M22 SMCs was measured at 4 hr of incubation. Percent contraction was calculated 

and the data are expressed as mean ± SE for three experiments. *p < .05
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FIGURE 5. 
Fibronectin (FN) transit and matrix assembly in a smooth muscle cell (SMC)-fibroblast 

scaffold coculture. (a) Fibroblasts and SMCs were cultured on opposite sides of a transwell 

scaffold for 5 days. Conditioned medium was collected from each side and FN was isolated 

by gelatin-Sepharose pulldown. FN was separated on an 8% polyacrylamide-SDS gel and 

immunoblotted with antibodies specific to either human FN (top) or rat FN (bottom). (b) BJ 

human fibroblasts and WKY3M22 rat SMCs were grown to confluence on unaligned and 

aligned sides of the scaffold, respectively. After 5 days, samples were fixed and stained with 

R457 anti-fibronectin antiserum to detect total FN (green) or HFN7.1 anti-human FN 

antibody (red). Representative images are shown. Scale bar = 50 μm
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FIGURE 6. 
Effects of transforming growth factor-beta 1 (TGF-β1) in a scaffold coculture of smooth 

muscle cells (SMCs) and fibroblasts. WKY3M22 SMCs (top panels) and NIH 3T3 

fibroblasts (bottom panels) were grown to confluence on the aligned and unaligned sides of 

the scaffold, respectively. TGF-β1 was then added to the medium and the coculture was 

incubated for 3 days. Cells were fixed and stained with R457 antiserum for FN (green) and 

with anti-alpha smooth muscle actin (α-SMA) antibody (red). The fold changes in mean 

fluorescence intensity of SMCs compared to fibroblasts are shown in white (average of 6–8 

fields of view). Scale bar = 50 μm
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FIGURE 7. 
Cell and matrix organization in a tubular scaffold. (a) Growth and alignment of WKY3M22 

smooth muscle cells (SMCs) was compared on flat and tubular scaffolds. Cells were seeded 

onto the aligned side of two flat scaffold sheets. One sheet was rolled into a tube with the 

aligned fibers oriented circumferentially. After 7 days of culture, cells on both formats were 

fixed and stained with Texas Red-Phalloidin and DAPI to detect actin (red) and nuclei 

(blue), respectively. Representative images are shown. (b) WKY3M22 SMCs and NIH 3T3 

cells were seeded on opposite sides of a scaffold as in Figure 6 and a cell-scaffold construct 

was rolled into a tube as in (a). Materials were fixed and stained after 5 days in culture using 

antibodies against FN (green) and alpha smooth muscle actin (α-SMA) (red). The fold 

change in mean fluorescence intensity of SMCs compared to fibroblasts are shown in white 

(average of 6–8 fields of view). Scale bars = 50 μm
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