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Abstract: A hybrid cell sheet engineering approach was developed using ultra-thin 

nanofiber arrays to host the formation of composite nanofiber/cell sheets. It was found that 

confluent aligned cell sheets could grow on uniaxially-aligned and crisscrossed nanofiber 

arrays with extremely low fiber densities. The porosity of the nanofiber sheets was sufficient 

to allow aligned linear myotube formation from differentiated myoblasts on both sides of 

the nanofiber sheets, in spite of single-side cell seeding. The nanofiber content of the 

composite cell sheets is minimized to reduce the hindrance to cell migration, cell-cell 

contacts, mass transport, as well as the foreign body response or inflammatory response 

associated with the biomaterial. Even at extremely low densities, the nanofiber component 

significantly enhanced the stability and mechanical properties of the composite cell sheets. 

In addition, the aligned nanofiber arrays imparted excellent handling properties to the 

composite cell sheets, which allowed easy processing into more complex, thick 3D 

structures of higher hierarchy. Aligned nanofiber array-based composite cell sheet 

engineering combines several advantages of material-free cell sheet engineering and 

polymer scaffold-based cell sheet engineering; and it represents a new direction in aligned 

cell sheet engineering for a multitude of tissue engineering applications.  
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1. Introduction 

Cell sheets have been extensively used in many areas of tissue engineering as the building units for 

the construction of 3D, complex, multi-cellular tissues using layer-by-layer stacking methods [1–4] or 

the transplantable elementary structures that fit into tissue defect sites in vivo for tissue repair and 

functional restoration [5–7]. Conventional approaches to fabricate cell sheets involve cell culture on a 

substrate and waiting for cell confluence to form a sheet before harvesting for the next steps of the 

application. There are many problems associated with these approaches, including that the waiting 

time necessary for the cells to reach confluence may be long, the cell sheets are too fragile to allow 

handling and damage to critical cell surface proteins, as well as cell-cell junctions of the cell sheets 

when the proteolytic digestion method is used [8,9]. Recently, minimally-invasive methods have been 

developed to harvest intact cell sheets using thermo-responsive polymers as culture substrates [4,10,11]. 

These polymers possess low critical solution temperatures (LCST), below which the polymers are 

hydrophilic and soluble in water, but above which the polymers are hydrophobic and insoluble [12–15]. 

By lowering the temperature, confluent cells cultured on the thermo-responsive polymers may be 

spontaneously detached and recovered as a contiguous cell sheet without the use of conventional 

proteolytic enzymes. However, even with this method, the waiting time is quite long, and the 

mechanical properties of the cell sheets are too low to allow subsequent handling and transfer to the 

desired place [16]. Due to surface tension, cell sheets have the tendency to fold and contract upon 

surface release, which makes it difficult to handle individual sheets and to manipulate them into 

complex structures. The ranges of the transition temperatures for the thermo-responsive polymers are 

wide, and the required low temperatures do not support good cell recovery. In addition, despite a few 

attempts to accelerate the thermo-harvesting process through chemical modifications of the  

thermo-responsive polymers [17,18], the required detachment times pose a significant barrier for the 

use of cell sheets to their full potential.  

In the search for a new and enhanced method to fabricate cell sheets, our lab has proposed to 

incorporate a biomaterial component into the cell sheets while they are being formed. A biomaterial 

component may provide structural and topographic support to the cell sheets, improve their mechanical 

strengths, allowing easy harvesting and manipulation, and direct cell behavior and alignment within 

the cell sheets. A minimal biomaterial content of the composite cell sheets would minimize the foreign 

body response and inflammatory response associated with the biomaterial, as well as the impedance to  

cell-cell contact and mass transport to and from the cell sheets. Among different types of biomaterial 

structures for this task, nanofibers have drawn our attention. Nanofibers have been exploited in many 

tissue engineering scaffolds to guide cell alignment/tissue formation and direct cell proliferation and 

differentiation [19–21]. Their exceedingly high aspect ratio, large specific surface area and porosity are 

beneficial for cell attachment and proliferation [22], reinforcing the cell sheets with minimal amount of 

materials. Previously, we have reported the successful fabrication of large-surface area (tens of cm
2
), 
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ultrathin, uniaxially-aligned nanofiber sheets with a highly-controlled fiber orientation and density 

using an electrospinning apparatus that is coupled with a novel collecting device designed in our  

lab [23,24]. To build upon these results, we have explored the potential of the ultrathin-aligned nanofiber 

sheets as novel substrates for cell sheet engineering.  

In this study, a C2C12 myoblast cell line was selected as a model proliferative myoblast cell type 

that is associated with skeletal muscle, a typical aligned tissue. Ultrathin nanofiber sheets of 

degradable polycaprolactone (PCL) were seeded with C2C12 myoblasts to allow cell sheet formation 

upon confluence. Alternatively, C2C12 myoblasts were directly loaded to the nanofiber sheet scaffolds 

while embedded in fibrin gel films. Characterization of the cells within the composite nanofiber/cell 

sheets indicated high viability, uniaxial alignment in the direction of fiber orientation and active 

expression of the phenotypic marker skeletal myosin heavy chain during the entire experimental period 

up to three weeks during in vitro culture. Aligned linear myotubes were seen on both sides of the 

composite cell sheets despite single-side cell seeding. It is estimated that the mechanical strength of the 

composite cell sheets were increased by 2–3 orders of magnitude due to the contribution of the 

nanofiber component. The handling properties of the composite cell sheets have allowed easy transfer 

from the culture dish and further processing into 3D, aligned tissue structures of higher hierarchy by 

stacking or self-assembly/bundling. Preliminary implantation of the 3D cable-like construct fabricated 

from the composite cell sheets into the paravertebral muscle in mice indicated excellent cell viability 

within the construct, the integrity of the gross morphology and internal microstructures of the construct 

and the nice integration of the construct with the surrounding tissues. Long-term implantation studies 

are underway to assess the potential of the 3D constructs from nanofiber-reinforced cell sheets for 

many aligned tissue engineering applications. 

2. Experimental Section 

2.1. Electrospinning 

Polycaprolactone (PCL, Mn~80,000, Sigma, St. Louis, MO, USA) was dissolved in dichloromethane 

and dimethylformamide (3:1) (DCM:DMF, Sigma) at a concentration of 17% wt/v. Polymer solution 

was fed by syringe pump (Medfusion 2010i; Smiths Medial Inc., Carlsbad, CA, USA) at a rate of 

0.025 mL/min through a 21 G blunt-tipped needle. A voltage of 9 KV was applied to the needle tip 

with a high voltage power supply (ES40P-10W, Gamma High Voltage Research, Ormond Beach, FL, 

USA). Nanofibers were collected using a custom-built collecting device designed in our lab [23,24]. 

The device utilizes electrostatic forces to deposit aligned nanofibers across the air gap between two 

computer-controlled parallel mobile tracks, which continuously distribute and assemble the aligned 

fiber arrays into sheets with a controllable fiber density. The needle tip was held at 10 cm above  

this device during electrospinning, while the parallel mobile tracks pulled electrostatically-aligned 

electrospun fiber arrays into a secondary collection area at a vertical speed of 21 mm/s. Ultra-thin 

aligned fiber mats were assembled on a rectangular rack simultaneous to fiber collection, and the fiber 

density was varied, with collection times ranging from 5 to 30 min. Ultra-thin aligned PCL nanofiber 

sheets were attached to thin 25-mm inner diameter 316L stainless steel rings for in vitro cell culture in 

6-well plates. Aligned nanofiber mats with variable density were fabricated by varying the collection 
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time, and crisscrossed nanofiber mats were fabricated by attaching two nanofiber arrays to a steel ring 

at a 90° angle relative to each other. The mounted nanofiber sheets on the stainless steel rings are 

referred to as “scaffolds”.  

Fiber Density Variation 

The fiber density of thin aligned nanofiber sheets was defined as the number of nanofibers crossing 

a line that is perpendicular to the direction of fiber alignment. Fiber density was measured based upon 

scanning electron microscope (SEM) images. The fiber density of ultra-thin aligned nanofiber sheets 

was proportional to the electrospinning collection times. Aligned nanofiber arrays with densities 

ranging from 0.1 to 1.1 fibers/µm were fabricated to determine the effects of fiber density on cell 

confluence and alignment in composite nanofiber/cell sheets. C2C12 cells were seeded and cultured as 

described in Section 2.2 for 1, 3 or 7 days. Actin filaments and nuclei were stained, and cell alignment 

and the percent cell confluence were calculated based upon measurements on fluorescent images. Cell 

alignment was defined as the angular deviation of the long axis of a cellular actin filament. Ten randomly 

selected cells were used for cell alignment measurements within a single image. The percent of cell 

confluence was defined as the % of the total area occupied by actin-stained cell bodies. The total 

unstained area in images was calculated and subtracted from the overall area to obtain a value for the 

% of area occupied by cells. For both cell alignment and the percent of cell confluence calculations, three 

independent samples were used for each group, and 2 images were taken at random locations on each 

sample for analysis. 

2.2. Composite Nanofiber/Cell Sheets 

C2C12 myoblasts were either directly seeded on the nanofiber scaffolds or loaded to the nanofiber 

scaffolds with fibrin gel. Nanofibers were suspended across a metal ring to form a circular scaffold 

area with a 25-mm diameter for cell seeding. The scaffolds contained a single layer of aligned 

nanofibers at a density of 0.1–1.1 fibers/μm. The average diameter of the electrospun nanofibers was 

~700 nm, so the thickness of the scaffolds prior to seeding can be estimated to be ~700 nm. For direct 

cell seeding, C2C12 myoblasts were cultured in T-75 flasks to 80% confluence in DMEM media with 

10% fetal bovine serum (FBS). Aligned nanofiber scaffolds were sterilized in 75% ethanol for 30 min, 

washed with PBS and then immersed in media. Cells were trypsinized and resuspended in media at 

approximately 1 million cells per mL. Half of a milliliter of the cell suspension was dripped evenly 

over each scaffold. Scaffolds were incubated in DMEM media supplemented with FBS for 5 days. 

Media was changed every 48 h. When myotube differentiation was desired, media was changed to 

DMEM media with 10% horse serum after 5 days.  

For direct cell loading with fibrin gel, bovine fibrinogen (MP Biomedicals, Santa Ana, CA, USA) 

was dissolved in 1× PBS at a concentration of 15 mg/mL and vacuum-filtered with 0.45 µm filters for 

sterilization. Bovine thrombin (MP Biomedicals) was dissolved in DMEM culture media at a 

concentration of 100 U/mL and sterile filtered with 0.45-µm filters. C2C12 myoblasts were suspended 

in fibrinogen or thrombin solutions at a concentration of 500,000 cells/mL. Nanofiber scaffolds were 

immersed in fibrinogen and thrombin cell suspensions, respectively. Removal from the suspensions 

resulted in the formation of thin fibrinogen or thrombin liquid films containing suspended cells on the 
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nanofiber scaffolds [25]. The cell-containing fibrinogen and thrombin thin films were then sandwiched 

together and in close contact. Polymerization of fibrinogen and thrombin produced a fibrin gel film 

with entrapped myoblasts on the surfaces of the nanofiber scaffolds. The thickness of fibrin gels after 

crosslinking was estimated from cryosections to be approximately 20 μm (data not shown). The  

cell-containing constructs were incubated for 1–7 days.  

2.3. Mechanical Testing 

Composite nanofiber/cell sheets with a fiber density of ~0.85 fibers/μm were cultured for 5 days in 

proliferation media and an additional 3 weeks in differentiation media. Tensile testing was performed 

on cell sheets using a Shimadzu EZ Graph tensile tester with a 50 N load cell (Nakagyo-ku, Kyoto, 

Japan) and Trapezium 2.32 software for data acquisition. Samples were removed from an incubator 

immediately prior to testing and remained covered in media throughout. A square of nanofiber/cell 

composite sheet was cut to the dimensions of 7 mm × 7 mm. The ends were attached to the grips of the 

mechanical testing machine. Samples were strained at a rate of 0.3 mm/s (4.3%/s) until fracture, and 

the elastic modulus was determined from stress-strain curves. The elastic modulus of nanofiber/cell 

sheets was measured at the region of maximum slope before the onset of elastic failure. Five samples 

were tested for each group.  

2.4. Multilayered Nanofiber/Cell Sheet Constructs 

Multilayered constructs were fabricated by stacking several single-composite cell sheets  

layer-by-layer to form a thick construct. Composite nanofiber/cell sheets were taken out of media, 

blotted at their edge to remove excess media and placed on top of one another. Cell sheets were left 

attached to their supporting rings during stacking to ensure a smooth interface between layers without 

any folding or wrinkles. The outer support rings of each layer rested on each other, and the direction of 

fiber alignment was matched up for each layer. The metal rings supporting the cells sheets were 

physically tied together with 4 loops of suturing at their top, right, left and bottom edge to ensure that 

the layered cell sheets remained in close contact with one another. Media was intermittently dripped 

over the multilayered construct for up to two hours to allow for cell adhesions to form between layers 

before returning the constructs to an aqueous environment. Constructs were cultured up to 5 days. 

2.5. Self-Assembled Aligned 3D Cable Structures 

To explore the possibility of fast-forming, three-dimensional, aligned cable structures mimicking 

tissues with aligned structures, such as skeletal muscles, from aligned composite nanofiber/cell sheets, 

aligned composite cell sheets were first cut parallel to the long axis of the fiber orientation, resulting in 

an ellipse-shaped hole, due to the contraction of a portion of the sheet into a cable structure along the 

perimeter of the hole. The sheet underwent further self-assembly into a thicker, rod-like structure when 

the sheet was cut in the direction perpendicular to fiber/cell alignment at the tips of the hole. These 

rod-like structures can also be merged to form larger, aligned 3D cable structures.  
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2.6. Intramuscular Implantation of 3D Cable Structures  

3D, aligned cable structures were implanted into the paravertebral muscle on the back of a mouse. 

Mice were anesthetized with ketamine, and an incision was made along the spine to expose the 

paravertebral muscle. The cable structures were inserted into the paravertebral muscle. Two ends of 

the grafts were sutured to the surrounding muscle to anchor the grafts and to provide tension and keep 

them in place. Mice were sacrificed after 1 day, and the microstructure of the implants was evaluated 

using histological techniques.  

2.7. Histology/Immunohistochemistry 

3D cable constructs and cell/nanofiber sheets were fixed in 4% paraformaldehyde for 45 min. Fixed 

specimens were stained with AlexaFluor 488-conjugated phalloidin (Invitrogen) for actin filament,  

4′-6-diamidino-2-phenylindole (DAPI, Invitrogen) for cell nuclei and immunostained with anti-skeletal 

myosin heavy chain antibody (Sigma) for differentiated myotubes. Selected fibrin gel films were 

incubated in 2.5% glutaraldehyde overnight and imaged from the autofluorescent signal to visualize 

the fibrin filaments. The 3D cable constructs were embedded in optimum cutting temperature (OCT) 

compound, cryosectioned and stained using hematoxylin and eosin (H&E). 

2.8. Microscopy/Image Processing 

Fluorescent microscope images were taken using a Nikon Eclipse TE2000-S microscope with an 

EXFO X-cite 120 fluorescence illumination system and a Q-Imaging Micropublisher 3.3 RTV camera. 

Confocal images were taken with a Leica confocal microscope (TCS SP5 AOBS). Scanning electron 

microscope (SEM) images were taken at 1,000- to 6,000-times magnification using a Hitachi TM-1000 

SEM. An ImagePro Plus (Media Cybernetics, Rockville, MD, USA) was used to analyze SEM images 

of nanofibers and florescent images of cells to measure fiber diameter, alignment and density and 

cellular alignment and cell density. Amira software (Visage Imaging, San Diego, CA, USA) was used 

to reconstruct 3D images from confocal microscopy. Alignment in histological images was quantified 

using the FibrilTool plug-in applied to the blue channel in ImageJ software [26]. 

2.9. Statistical Analysis 

The Kruskal–Wallis test was used as an initial test for differences within a sample set. For sample 

sets with a Kruskal–Wallis p-value (ρ) < 0.05, the Mann–Whitney test was used to evaluate differences 

between groups. All statistical analysis was done using SPSS software. 

3. Results and Discussion 

3.1. Electrospinning 

PCL nanofiber substrates were made up of free, suspended, aligned fiber arrays with an average 

fiber diameter of around 700 nm (σ = 80 nm). The angular deviation of aligned nanofiber arrays was 4°  

(σ = 0.5°), and the degree of fiber alignment was not affected by the fiber density.  
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3.2. Composite Nanofiber/Cell Sheets 

C2C12 myoblasts were seeded on nanofiber substrates by dripping cell suspension over them. Cells 

on aligned nanofibers formed a uniaxially-aligned confluent monolayer (Figure 1A), and cells cultured 

on crisscrossed nanofiber arrays (Figure 1B) aligned on either layer of nanofibers, forming a confluent 

monolayer with a crisscrossed pattern, similar to the fiber orientation. Composite nanofiber/cell sheets 

remained freely suspended on their supporting rings and did not require any procedures for removal 

from the tissue culture plate surface, as is associated with material-free cell sheets. Images of 

immunostained composite nanofiber/cell sheets with anti-skeletal myosin heavy chain antibody at three 

weeks in culture clearly show the presence of differentiated, aligned myotubes on both sides of the 

nanofiber sheet, despite single-side seeding (Figure 1C,D). This suggests that the level of porosity and 

the pore size of the nanofiber sheets are sufficient to allow cell migration and molecular exchange 

across the nanofiber sheets. As a reference, it is estimated that an aligned nanofiber sheet with a fiber 

density of 0.35 fibers/µm has a porosity greater than 75% (as calculated by multiplying fiber diameter 

(μm/fiber) by fiber density (fibers/µm) and subtracting this value from one). The presence of the 

nanofiber sheets did not hinder cell differentiation into myotubes on both sides of the sheets. The 

myotubes appeared to be linear and unbranched and were aligned in the direction of fiber orientation. 

Our results indicate that the aligned nanofiber sheets have guided the differentiation of myoblasts into 

aligned, linear myotubes, a highly desirable outcome for in vitro skeletal muscle tissue engineering [27].  

Figure 1. Fluorescent microscope images of C2C12 cell sheets grown on (A) uniaxially-

aligned and (B) crisscrossed ultrathin nanofiber substrates for one week. Actin filaments 

were stained in green; nuclei were stained in blue. Confocal microscope images of a composite 

aligned nanofiber/cell sheet cultured for three weeks is shown in 2D (C) and reconstructed 

in 3D (D). Nanofibers (with a fiber density of 0.85 fiber/µm) are visualized in red, and 

myotubes are immunostained in green with skeletal myosin heavy chain. Thick multinucleated 

myotubes are present on both sides of the nanofiber sheet (D), despite single-side seeding.  

 

In parallel groups, C2C12 cells were directly loaded to the nanofiber sheets with fibrin gel (Figure 2). 

Cells were mixed in fibrinogen and thrombin solutions, respectively. Immersion of nanofiber scaffolds 

in each solution and their subsequent removal from the solutions resulted in the formation of thin 

fibrinogen or thrombin liquid films containing suspended cells on the nanofiber sheets. The cell-containing 
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fibrinogen and thrombin thin sheets were then sandwiched together and in close contact. Polymerization 

of fibrinogen and thrombin produced a fibrin gel with entrapped myoblasts on the nanofiber sheets.  

A matrix of fibrin filaments appeared to cover the PCL nanofibers and fill into the spaces in between 

fibers (Figure 2). The gel films facilitated the attachment of the cells to the nanofiber sheets and the 

formation of composite nanofiber/cell sheets. Fluorescent images of cell morphology in the composite 

nanofiber/cell sheets at various time points are shown in Figure 2. Cells were observed embedded in 

the gel films throughout the composite sheets in a uniform distribution and began to align in the 

direction of the nanofiber arrays after only one hour of incubation. After one day, cells were aligned 

and elongated along the fiber long axis. Cell proliferation resulted in confluent aligned composite 

nanofiber/cell sheets by Day 7.  

Figure 2. (Top) One step direct cell seeding with fibrin gel. (1) Mounted nanofiber arrays 

are immersed in (2) fibrinogen (represented in yellow color) and thrombin (represented in 

red color) solutions containing suspended cells (represented in blue color), respectively.  

(3) Removal from the liquid results in the formation of a thin, uniform liquid film over the 

nanofiber arrays. (4) Fibrinogen and thrombin cell-containing films are sandwiched together 

and in close contact. (5) A polymerization reaction results in crosslinked fibrin film with 

embedded nanofibers and cells. (a) A close up image of fibrin filaments surrounding the 

aligned polycaprolactone (PCL) fibers (scale bar = 50 μm). (b) a cross-section of a 

composite fibrin gel nanofiber composite film (scale bar = 10 μm). (Bottom) Fluorescent 

images of nanofiber/cell sheets with direct C2C12 cell fibrin seeding taken at 1 h and 1, 3 

and 7 days after fabrication. Actin filaments were stained in green, and cell nuclei were 

stained in blue. Scale bar = 50 μm. 

 

3.3. Fiber Density Variation 

To examine the effect of fiber density on cell alignment and the percent of cell confluence 

pertaining to cell sheet formation, aligned nanofiber arrays with varying fiber densities were 

fabricated. C2C12 cells were seeded on arrays with aligned fiber densities of 0.1, 0.25, 0.35, 0.5, 0.85 

and 1.1 (σ = 0.06, 0.07, 0.02, 0.07, 0.05, 0.05) fibers per µm length (measured in the direction 

perpendicular to fiber alignment) and fixed at 1, 3, and 7 days. Two parameters were evaluated 

quantitatively. The percent of cell confluence was evaluated as the % of the total area occupied by 
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actin-stained cell bodies. Cell alignment was evaluated as the angular deviation of the long axis of 

cellular actin filament from the long axis of nanofiber arrays. Representative images and graphs of 

percent confluence and cell alignment for all groups are shown in Figure 3. It was found that cells 

aligned well in the direction of fiber orientation. The standard deviation of the direction of cell 

elongation from the fiber long axis was between 2–8° for various fiber densities and time points in 

culture. Statistically significant differences in cell alignment for different fiber densities were not 

present, but there was an exhibited tendency of increases in cell alignment as fiber density increased. 

With prolonged time in culture, this tendency became less pronounced (Figure 3H). At three days in 

culture, a step increase in the percent of cell confluence was seen when the fiber densities exceeded 

0.25 fibers/µm. This correlates with the increases in cell alignment at the same time point for the same 

set of fiber density groups (≥0.25 fibers/µm). It appears that a critical fiber density exists around  

0.25 fibers/µm, beyond which both cell alignment and the percent of confluence are greatly promoted. 

At Days 3 and 7, the percent of cell confluence was above 90% for all groups of fiber densities  

0.35 fibers/µm or greater. At Day 7, statistically significant differences (p < 0.05) in the percent of cell 

confluence were present for the 1.1 fibers/µm group versus all groups, except for the 0.85 fibers/µm 

group (p = 0.827).  

Figure 3. (Top) Representative SEM images of aligned PCL nanofiber sheets of three 

different fiber densities of (A) 0.1 fibers/µm, (B) 0.35 fibers/µm, and (C) 0.85 fibers/µm. 

(Middle) C2C12 cells at seven days in culture on the nanofiber sheets of different fiber 

densities corresponding to those in the top panel. Actin filaments were stained in green, 

and cell nuclei were stained in blue. Scale bar = 50 μm. (Bottom) Quantitative measurements 

of the percent of cell confluence (G) and cell alignment (H) of C2C12 cells cultured on 

aligned nanofiber sheets of fiber densities in the range of 0.1–1.1 fibers/μm. 
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3.4. Mechanical Properties  

Nanofiber/cell sheets with a uniaxial fiber orientation were strained parallel and perpendicular to 

fiber orientation, and crisscrossed sheets were strained parallel to one of the two directions of fiber 

orientation. The elastic modulus (Figure 4) of uniaxially-aligned composite sheets were significantly 

higher (p < 0.01) in the direction of fiber orientation (E = 16.3 MPa, σ = 4.1 MPa) compared to the 

direction perpendicular to the fiber orientation (E = 0.0612 MPa, σ = 0.014 Mpa), which was on the same 

order of magnitude as what has been reported for individual skeletal muscle cells (E ~ 0.025 MPa) 

measured using atomic force microscopy (AFM) [28]. The elastic modulus of crisscrossed composite 

sheets (E = 12.9 MPa, σ = 1.9 MPa) remained the same in both directions of the fiber orientation. 

Acellular nanofiber scaffolds were tested in all three conditions, and their elastic moduli were not 

significantly different from those of the composite nanofiber/cell sheets for any fiber orientation or 

direction of strain (data not shown).  

Figure 4. Elastic modulus of composite nanofiber/cell sheets. Constructs with a uniaxial 

fiber orientation were strained in the directions parallel and perpendicular to the fiber long 

axis, and constructs with crisscrossed fiber orientation were strained in the direction 

parallel to one of the two directions of the fiber long axis (* p < 0.05, ** p < 0.01). 

 

The mechanical data provided strong evidence that the nanofiber component dominated the overall 

mechanical properties of the composite cell sheets. The contribution of the nanofibers to the mechanical 

strengths was reflected in the large difference in the elastic modulus parallel and perpendicular to the 

fiber orientation in uniaxially-aligned constructs. The contribution of the cells to the overall mechanical 

properties seemed minimal, because the elastic modulus of the composite cell sheets was similar to 

that of acellular (nanofiber only) control scaffolds for any fiber orientation or direction of strain.  

In addition, the three orders of magnitude increase in the elastic modulus of the composite sheets in the 

direction of the nanofiber orientation when compared to that of individual cells was quite significant.  
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3.5. Multilayered Nanofiber/Cell Sheet Constructs 

When two moist nanofiber/cell sheets were placed in physical contact on top of one another in air, 

they immediately adhered together, due to surface tension. Layer adherence was very smooth without 

the presence of wrinkles. Multilayered structures were readily assembled through this layer-by-layer 

procedure, and all of the layers could be assembled at one time. Final, stable assemblies with strong 

cell-cell adhesion between layers can be developed in 2 h. H&E staining revealed that individual cell 

sheets adhered intimately within the multilayered structures, appearing to have become homogeneous 

tissue, and retained uniaxial cell alignment in the direction of the fiber orientation throughout the 

structure (Figure 5). 

Figure 5. Thick, multilayered tissue constructs were formed with aligned nanofiber-cell 

sheets. The cross-section of a six-layered composite cell sheet construct stained with H&E 

demonstrates the adhesion among cell layers and cell alignment.  

 

3.6. 3D Aligned Cable Structures 

In addition to the stacking of the composite nanofiber/cell sheets to form multilayered constructs, 

composite cell sheets may be self-assembled/self-rolled into rod-like structures seen in many types of 

aligned, native tissues, such as skeletal and cardiac muscle, tendon and neural tissues. When the 

composite cell sheets were cut as shown in Figure 6A–E, they self-assembled/rolled into 3D rod 

structures, due to fiber and cell tensions within the construct and the surface tension. The cross-section 

of an aligned (~300 μm diameter) rod structure assembled from a single 25-mm diameter cell/nanofiber 

sheet is shown in Figure 6F. Several rod-like structures can be further bundled together to form bigger 

aligned composite nanofiber/cell cable grafts. The cross-section of these cable grafts exhibited a 

honeycomb-like morphology that may encourage both cell survival within the graft core and vascular 

and native cell infiltration in vivo. Implanted cable grafts in the paravertebral muscle of a mouse also 

exhibited a honeycomb-like cross-section and retained uniaxial cell alignment after implantation. The 

gross morphological images of an implant and the surgical procedure are shown in Figure 6H,G, 

respectively, and cellular arrangement within the graft can be seen in the histological images one day 

after implantation (Figure 6I,J). The handling properties of the graft allowed easy implantation and 

securing in place at the tissue site. The graft was robust enough to survive the implantation procedures, 

while maintaining the integrity of both the gross morphology and the internal microstructures. H&E 

staining of the retrieved 3D cable graft shows that the graft was densely populated with cells across the 

entire thickness of the graft and retained cell alignment along the fiber long axis (Figure 6J). 

Alignment in Figure 6J was quantified at the center and periphery of the graft with ImageJ FibrilTool 
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plug in. Anisotropy values of 0.24 and 0.34 at the periphery, and 0.42 at the graft center corresponds to 

high levels of alignment with FibrilTool [26]. There was no core ischemia in the graft, suggesting that 

the porosity and permeability level of the nanofiber arrays in the graft were sufficient for effective 

oxygen perfusion and mass transport. At the periphery of the graft, fusion of the graft with the 

surrounding tissue was seen (Figure 6I,J). The cross-section view of the graft shows  

that cells attached to the nanofibers well and spread throughout the entire graft (Figure 6I). Both  

cross-section and longitudinal views of the cable graft evidence skeletal muscle-like structures of a 

single tissue segment without physical gaps among individual rod-like structures within the graft.  

Figure 6. Aligned nanofiber/cell sheets self-assembled into rod-like structures when they 

were cut in a pattern (A–E). H&E staining of the cross-section of such a structure details 

its microstructure (F). A thick, aligned nanofiber-cell cable graft (H) was implanted in the 

intravertebral muscle (G) of a mouse. H&E staining of a retrieved cable graft at one day 

post-implantation in the cross-section (I) and in the graft long axis (J). Alignment along the 

graft long axis was quantified using the ImageJ FibrilTool [26] for different regions of the 

implant. Anisotropy scores were 0.24, 0.42 and 0.34 for regions a, b and c, respectively. Scale 

bar = 100 μm. 

 

Cell sheet engineering has vast potential in tissue engineering and has already demonstrated success 

in in vivo applications in the cornea [5], urothelium [29], periodontal ligament [30], blood vessel [31] 

and cardiac muscle [2]. Advances in micropatterning have increased the versatility of this technology, 

so that aligned cell sheets can be fabricated to better suit the needs for the regeneration of aligned 

tissues, such as cornea, blood vessel and muscle [32,33]. This report outlines a novel approach toward 

cell sheet engineering through incorporating a thin layer of aligned nanofiber sheet. The nanofiber 

component in the composite cell sheets plays multiple vital functions, including: (1) obviating the need 

for extended culture time to achieve cell confluence/ECM production prior to handling and cell sheet 

detachment for harvesting; (2) allowing cell sheet handling/manipulation without disrupting cell-cell 

contacts or ECM; (3) mechanically strengthening the cell sheets; (4) guiding cell alignment within the 

sheets; (5) supporting mass transport and molecular exchange between the cell sheets and the local 
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environment for cell survival and function; and (6) facilitating self-assembly of the cell sheets into 3D 

tissue structures of a higher hierarchy. None of the other existing methods in cell sheet engineering has 

achieved all of these functions. We have produced crisscrossed and uniaxially-aligned C2C12 

myoblast cell sheets on ultra-thin, extremely low density nanofiber arrays that are fabricated using a 

novel electrospinning apparatus designed in our lab [23,24]. It was discovered that confluent cell 

sheets could grow on ultra-thin, low density nanofiber arrays that had extremely high porosity. The 

porosity of the nanofiber arrays was sufficient to allow aligned linear myotube formation on both sides 

of the nanofiber arrays in spite of single-side cell seeding. Characterization of the cells within the 

composite nanofiber/cell sheets indicated high viability, uniaxial alignment in the direction of fiber 

orientation and robust expression of phenotypic marker skeletal myosin heavy chain during the entire 

experimental period. The mechanical strength of composite cell sheets was dominated by the nanofiber 

component, which is estimated to increase the elastic modulus of skeletal muscle cells by 2–3 orders of 

magnitude in the composite cell sheets. The composite nanofiber/cell sheets can be readily assembled 

into 3D tissue structures of higher hierarchy by either stacking or self-assembly/bundling. The 3D 

constructs hold promise as scaffolds for tissue engineering of aligned tissues.  

This work represents a shift in the current paradigm in cell sheet engineering, in which bulk 

biomaterial components are avoided completely to minimize the disturbance to cell-cell contacts and 

natural ECM production in the cell sheets, and the hampering of the cell sheet-host tissue integration. 

However, some favorable properties offered by biomaterials are also lost with the material-free 

approaches for cell sheet engineering. In Table 1, three different approaches for cell sheet engineering, 

i.e., material-free cell sheets, the composite nanofiber cell sheets presented here and a porous polymer 

film approach [34], are compared in terms of six properties pertaining to tissue engineering applications. 

The major advantages of material-free (MF) cell sheets are the absence of any synthetic materials that 

may cause a foreign body response. In this area, current efforts have been focused on designing novel 

thermoresponsive (TR) polymers or modifying existing materials to control the range of transition 

temperature and to shorten the detachment times [18,35]. TR polymer poly(N-isopropylacrylamide) 

(PIPAAm) was grafted to the surfaces of a culture dish. The reversible adhesion/detachment of the 

cells to the PIPAAm-grafted surfaces was found to be dependent on the thickness, as well as the  

nano-topologies of the PIPAAm layer [35]. Further, PIPAAm was chemically modified or grafted to 

micropatterned cell culture surfaces to modulate site-selective cell adhesion or detachment with 

temperature control [36,37]. Despite these efforts, fundamental problems with MF cell sheets persist, 

including extended culture time, poor mechanical and handling properties and limited potential for 

biomolecule storage/release. For example, MF cell sheets are very fragile and barely survive the 

manipulations during transplantation or 3D tissue fabrication [38]. Since MF cell sheets contain no 

material component, natural cell-secreted ECM must be assembled to provide necessary structural 

support or mechanical properties. This may require long culture times, ranging from two to several 

weeks [33,39], which are associated with defect formation in the cell sheets and progressive sample 

loss, due to the fact that cell tensions overcome the adhesion to the culture substrates, leading to 

premature detachment. Sample loss was reported after 4–6 weeks in culture with loss rates of 30–50% 

at 10 weeks and accelerated loss afterwards [40]. Another challenge associated with MF cell sheet 

fabrication is the requirement for sheet detachment. The maintenance of cell-cell junctions during 

sheet detachment introduces sheet contractility upon surface release that can shrink the surface area of 
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released cell sheets by up to 90% [41]. Sheet contraction leads to alterations in the sheet morphology 

that compromise subsequent handling/manipulations.  

Table 1. A comparison among three methods in cell sheet engineering, i.e., material-free 

cell sheets, composite nanofiber/cell sheets and a porous polymer film-based cell sheet in 

terms of five properties pertaining to tissue engineering applications. 

 Structural support 

for cell sheet 

Detachment 

procedures 

Mechanical 

Properties  

(elastic modulus: 

Primary source 

Porosity 

(for cell-cell contacts 

between layers in 

multilayer construct) 

Synthetic material 

(associated potential 

for foreign body 

response) 

Multilayer 

biofabrication 

Material-Free  

Cell Sheet 

· Cell-generated ECM · Thermal (20–25 °C) 

[13,18,32] 

· Mechanical [40] 

8.95 MPa: 

ECM deposited after  

10 wk culture with 

ascorbic acid [40] 

100% None Gelatin stamp: 

Cell-cell adhesions 

Required (~30 min) 

for addition of each 

layer [32] 

Nanofiber  

Cell Sheet  

(0.5–0.85 

fibers/µm) 

· Electrospun  

polymer nanofibers 

· Cell-generated ECM 

Not required 10–16 MPa: 

Polymer nanofibers 

40–65% 20–40 µg/cm2 Simple stacking: 

cell-cell adhesions 

for multiple layers 

were adhered 

simultaneously 

Porous Film  

Cell Sheet [34] 

(3–5 µm thickness) 

· Solvent cast  

polymer film 

· Cell-generated ECM 

Not required 20–35 MPa 

(estimated): 

Porous polymer film 

50% 170–290 µg/cm2 Not reported 

In comparison, the aligned nanofiber substrates have significantly enhanced the mechanical 

strengths and structural stability of the composite cell sheets. The mechanical strength of the fabricated 

PCL-C2C12 composite cell sheets, which are dominated by the nanofiber component, is estimated to 

be orders of magnitude higher than a similar MF C2C12 cell sheet would be. Although mechanical 

testing data on MF C2C12 cell sheets are not available in the literature, composite C2C12 cell sheets 

exhibited better mechanical strength than MF cell sheets of other types of cells that were cultured for a 

longer term to gain mechanical strength. The elastic modulus of our monolayer composite C2C12 

sheets in the direction of nanofiber orientation was ~80% higher when compared to multilayer MF 

sheets of aligned aortic smooth muscle cells, which were cultured for 10 weeks in media supplemented 

with ascorbic acid to stimulate proliferation and ECM production [40]. A precise comparison between 

these two cell sheets may not be possible due to the differences in cell types, cell sheet thickness and 

testing protocols, but their elastic modulus on the same order of magnitude suggests that the nanofiber 

component of the composite cell sheets is able to fill the mechanical role of supplemented long-term 

ECM production. Confluent aligned C2C12 cell sheets formed on ultra-thin nanofiber arrays in as few 

as three days. Thus, the composite nanofiber/cell sheet approach can be used to reduce culture times 

and sample loss, making cell sheet engineering more compatible with cell types that do not have 

extensive ECM production. Incorporation of the nanofiber arrays during cell sheet formation also 

eliminates the need for the detachment step in sheet recovery and maintains the overall shape of the 

sheets during manipulation.  
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The handling characteristics of the composite cell sheets are greatly augmented by the nanofiber 

component. Structural support from the nanofiber component, as well as inherent edge fixation allows 

the confluent composite nanofiber (CN) sheets to be transferred directly to the host site or assembled 

into more complex 3D structures as soon as they are confluent. Direct cell loading with fibrin gel 

enhanced cell attachment to the nanofiber scaffolds for sheet formation without disrupting cell 

alignment. Because the fibrin matrix (Figure 2a) appeared to be randomly aligned with a porosity 

much smaller than the size of a cell, we hypothesize that the fibrin gel film was thin enough to allow 

the embedded cells to sense the embedded PCL fibers with extended protrusions or that the cells were 

able to degrade the gel to get in contact with the aligned PCL fibers, which induced cell alignment 

through contact guidance. This modification could be used to prepare composite nanofiber/cell sheets 

that are ready for medical applications immediately after cell seeding. The processing time for 

fabricating both single- and multi-layered tissue engineering scaffolds is significantly lower for CN cell 

sheets compared to MF cell sheets. Several composite cell sheets may be stacked into a multilayered 

structure at one time, because layers are held together by external fixation while cell adhesions form. 

Procedures for fabricating multilayered structures from MF cell sheets may take 20 min to several 

hours per layer, since cell adhesions are required before the addition of the next layer [32,42,43].  

While the CN cell sheet engineering approach offers great advantages associated with the biomaterial 

component (described above), it aims to minimize the amount of materials to be used to minimize the 

potential negative effects of the biomaterials, such as disturbance to cell-cell contacts and mass 

transport and activation of a foreign body response. According to our estimation, based upon fiber 

dimension, fiber density and the mass density of PCL, the total weight of the polymer required for a
 

confluent composite nanofiber/cell sheet is in the tens of micrograms per cm
2
. Because the nanofiber 

scaffolds have extremely low fiber densities, it is possible to achieve a porosity up to 75%, while 

maintaining a cell confluence greater than 90%. The composite cell sheets were robust, yet the increases 

in the weight and volume due to the presence of the nanofibers were very minimal. The ability of cells 

to move through the nanofiber sheets and populate on both sides further supports the hypothesis that 

cell-cell contacts experience minimal interference. Our choice of material in the specific form, i.e., 

PCL nanofibers, have a long history of biomedical applications and are known for excellent 

biocompatibility. In vitro co-cultures of PCL nanofibers with many types of cells have not revealed any 

adverse effect of the material on any types of cells being examined [44–47]. PCL nanofibers elicited 

minimal tissue reactions in different types of tissues [48–50], and the extent of tissue reactions was 

related to the amount of implanted polymer and the form [51]. Although not examined in the present 

study, the composite cell sheets are not expected to elicit adverse tissue reactions at a local tissue site 

or systemically.  

The excellent handling properties of these composite nanofiber/cell sheets have imparted their 

versatility in being processed into more complex, thick tissue structures of a higher hierarchy, including 

multilayered stacks and 3D self-assembled/bundled cable structures. These structures may be used as 

building blocks for clinically relevant implantable grafts. As shown in our data, individual layers of the 

sheets fused well with each other and were able to form a homogenous, aligned, tissue-like segment. 

Implantation studies for longer terms are underway to further assess the potential of the 3D constructs 

for aligned tissue engineering applications, such as wound healing, corneal, tendon, neural and skeletal 

and cardiac muscle regeneration. The varied geometries and compositions of these complex structures 
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expand their potential applications. The nanofiber component allows an additional degree of versatility, 

because biomolecules can be incorporated into polymer nanofibers. While biomolecule incorporation 

was not presented in this study, it is well established that many types of biomolecules can be attached 

to the surface of electrospun nanofibers or incorporated into them during fabrication for extended 

release [52]. To regenerate tissues of large dimensions, vascularization of the constructs is necessary. 

Hybrid cell sheets containing multiple cell types, including endothelial cells, may be used given 

appropriate guidance cues to promote vasculogenesis. Alternatively, endothelial cell sheets may be 

sandwiched among sheets of other cells before assembly into 3D structures. The simultaneous release 

of angiogenic growth factors locally at the implantation site may help to accelerate vascularization of 

the graft at a controlled vascular density. In addition, there are flexibilities in the material choices 

depending on the applications. For instance, materials of varying degradation profiles may be chosen 

for nanofiber fabrication to match the time course of regeneration in different types of tissues. 

4. Conclusions  

The recent development of a novel collecting method for electrospun fibers has made it possible to 

fabricate large-area, ultra-thin nanofiber sheets with well-controlled fiber orientation and density.  

It was found that aligned confluent cell sheets could form in culture in as few as three days on  

ultra-thin, extremely low density nanofiber sheets with porosities as high as 70%, and the overall 

polymer content was in the tens of micrograms per cm
2
 of surface area. The aligned nanofiber sheets 

have guided the differentiation of myoblasts into aligned, linear myotubes on both sides of the sheets 

in spite of single-sided cell seeding. The nanofiber component of these scaffolds has significantly 

improved the mechanical properties, the handling and processing characteristics and the capacity for 

biomolecule storage/release. In addition, the overall amount of polymer nanofibers was reduced to 

minimize the interference with cell-cell contacts and mass transport. The handling properties of the 

composite cell sheets have allowed easy processing into 3D, more complex, thick structures of a higher 

hierarchy. Composite nanofiber/cell sheets retain the advantages of material-free cell sheets and 

traditional porous polymer scaffold-based sheets. Aligned ultrathin nanofiber array-based composite 

cell sheets hold promises in tissue engineering applications, such as wound healing, corneal, tendon, 

neural and skeletal and cardiac muscle regeneration. 
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