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Statement of Purpose: Many tissues in our body take the 
lamellar or layered morphology as a result of shear stress 
of the body fluid or the developmental process. Some 
efforts have been made to develop cell sheet engineering 
for creating layered tissues such as cardiac patches [1] 
without using scaffolds. It is desirable to create such 
tissues with layered morphology using tissue engineering 
approach. Recent development of microfabrication 
technology enables us to fabricate and modify scaffolds 
on micro/nano scales with better control of composition 
and delicate structure. In particular, the nanofibrous 
scaffold fabricated by electrospinning is demonstrated 
favorable for cell function due to the geometrical 
similarity as extracellular matrix fibrils [2]. This study 
was aimed to demonstrate the formation of 3D layered 
constructs with the assistance of nanofibers and to explore 
its potential for layered tissue formation. 
  
Methods: Poly (epsilon-caprolactone) (PCL, 
Mw=80,000, Sigma) with biocompatibility and 
degradability [3] and calf skin type I collagen were used 
as the base materials for nanofibers. The mixture of PCL 
(8 wt%) and collagen was prepared and electrospun into 
nanofibers (power= 10 kv, 10 cm for the distance between 
spinneret and collecting plate, flow rate=10 µL/min). 
Using the sterile wet spinning and layering technique 
recently developed in our lab [3], human dermal 
fibroblasts (passage 6 to 7) and keratinocytes were used to 
form the layered structure.  
 
Results/Discussion: Electrospinning of a mixture 
solution (8 %, w/v) of PCL and collagen yielded the 
fibers with an average diameter of 454.5 ± 84.9 nm. The 
formed nonwoven fiber meshes have the inter-fiber 
distance less than 5 µm, which limits the cell penetration 
and leads to their attachment preferably on mesh surface. 
By alternating the cell/nanofiber layers, constructs with 
layered cell distribution can be obtained. By manipulating 
the fibroblast seeding density for each cell layer and 
collection time for each nanofiber layer, 3D layered 
constructs were successfully prepared layer-by-layer with 
a well control of cell distribution (Fig. 1). This approach 
also allowed free change of various types of cells for 
different layers. As shown in Fig. 2, 3D constructs with 
homogeneous fibroblasts or clear confinement of 
fibroblasts and keratinocytes were fabricated (Fig. 2, top 
panel). Further culture of these constructs resulted in the 
formation of corresponding skin tissues (Fig. 2, bottom 

panel), with no cell penetration to each other. 

 
Figure 1. Formation of layered constructs with various 
cell distributions. A, B, and C, manipulation cell seeding 
density for each cell layer. D and E, controlling fiber 
collection time for fiber layer.  Cell nuclei stained blue 
and PCL/collagen nanofibers labeled green. 

Figure 2. Formation of layered skin-like tissues with a 
control of cell distribution. Cell nuclei stained blue (top) 
and hematoxylin and eosin staining of cross-sections 
(bottom). Green arrows indicate cell nuclei. 
 
Conclusions:  Our results clearly indicate the feasibility 
of producing tissues with layered morphology using the 
nanofiber-assisted layering technique. Ongoing studies 
are focus on extending this approach to other types of 
tissues with clinical relevance.   
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