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1.   Introduction

Three-dimensional (3D) biocompatible structures 
are strongly required for providing interfaces with 
cells to achieve cell-based assay [1], tissue engineer-
ing [2], and transplantation therapeutics [3]. Above 
all, the molded structures composed of non-cytotoxic 
polymer can produce ex vivo 3D cellular constructs 
with intrinsic cell-cell interactions, morphologies, 
and functions due to high elasticity and biocompati-
bility [4]. Although a variety of top-down fabrication 
processes such as laser micromachining or 3D print-
ing techniques have been conventionally proposed, it 
is technically difficult to construct minute polymeric 
structures with confined 3D geometries.

To achieve 3D bottom-up fabrication, bimetal film 
has been utilized for self-assembly of 3D structures 
with precise geometry [5], which achieves curved 
bilayer films with heterogeneous mechanical proper-
ties. This system enables the assembly of a variety of 

3D structures including pyramidal [6], tubular [1], 
and helical structures [7]. 

However, this bilayer mechanism is not sufficiently 
applied to polymeric 3D geometries due to the diffi-
culty of creating polymeric bilayers. A 3D bottom-up 
fabrication of polymer 3D structures would provide 
an interface with cells to build 3D cell-laden architec-
tures. Thus, an alternative method to produce a poly-
meric bilayer with heterogeneous mechanical proper-
ties is highly necessary. Cell-friendly polymers are 
surely applicable for ex vivo 3D cellular architectures 
with cell-cell connections, intrinsic morphologies, 
and various physiological functions [8].

In this study, we found that multi-layered poly-
meric films with heterogeneous mechanical proper-
ties can form self-folded rolled shapes (micro-rolls) 
[9]. Integrating the films with the non-cytotoxic batch 
release of a hydrogel-based sacrificial layer [10] 
makes it possible to autonomously fold the films into 
cylindrical shapes based on differential strain gradients 
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that depend on the film thickness. Various 3D cell-
laden microstructures were formed from two-dimen-
sional (2D) geometrical micro-patterns, enabling the 
embedded cells to migrate and connect with each 
other. Within a micro-cavity, the cells tend to form the 
desired 3D architectures and synchronize their 
behavior. We also used various cell-lines and primary 
cultured cells to demonstrate that they can reconsti-
tute the intrinsic cellular morphologies and functions. 
This system is potentially applicable to realizing 3D 
biointerfaces for such applications as the reconstruc-
tion of functional tissues and implantable tissue 
grafts.

2.   Materials and methods

We fabricated multi-layered films composed of 
mechanically stable and biocompatible polymers, 
namely, poly(chloro-p-xylylene) (parylene-C) [10, 
11] and silk fibroin [12] on an underlying sacrificial 
layer. We selected alginate hydrogel (calcium algi-
nate (Ca-alginate)) as the sacrificial layer since it is 
dissolved with chelate agents. Thus, it achieves a 
spontaneous and non-cytotoxic batch release process 
with arrayed cell-laden films. As the film compo-
nents, we used silk fibroin extracted from Bombyx 
mori [13] and parylene-C thanks to their mechani-

cally robust features, high optical transparency, and 
excellent biocompatibility.

The fabrication process is shown in Fig. 1 [9]. First, 
sodium alginate was coated on the glass substrates 
and then immersed in calcium chloride to hydrogel-
ate alginate with calcium ions (Ca2+) (Step 1). Next, 
the aqueous silk fibroin was coated and immersed in 
methanol for gelation in accordance with previously 
reported protocols [12] and laminated with a parylene 
layer by chemical vapor deposition (Step 2). Then 
photolithographical micro-patterning of the photore-
sist was carried out (Step 3). Thereafter, the trilami-
nar films consisting of alginate hydrogel, silk fibroin, 
and parylene were etched with oxygen plasma 
through a photoresist mask to fabricate a micro-pat-
terned film array (Step 4). When the Ca-alginate layer 
was dissolved by adding ethylenediaminetetraacetic 
acid (EDTA), it gradually shrank from the edges and 
released the remaining bilayers as shown in Fig. 1 
(Steps 5–8). SEM (scanning electron microscopy) 
images show identifiable trilaminar films with highly 
defined geometries (Fig. 2).

3.   Results

The self-folding process of the films and the manip-
ulation and reconstruction of cells are explained in 

Glass substrate

Ethylenediaminetetraacetic acid

Silk fibroin gel

Step 1 Step 2 Step 3 Step 4

Step 5 Step 6 Step 7 Step 8

Ca-alginate gel Parylene

Resist

Oxygen plasma etching

Fig. 1.   �Self-assembling thin film fabrication process. (Steps 1–4) Three layers of silk fibroin gel, parylene, and Ca-alginate 
gel are laminated and then processed using lithography to form an arbitrary 2D micro-pattern. (Steps 5–8) The 
Ca-alginate gel layer is removed with ethylenediaminetetraacetic acid to release the thin film from the  
substrate.
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this section.

3.1   Self-folding of polymeric bilayer film
The combination of silk fibroin with conformally 

deposited parylene-C functions as a mechanically 
heterogeneous bilayer [9]. After the Ca-alginate layer 
was dissolved by EDTA, the released bilayer films 
transformed into controlled 3D geometries (Fig. 3(a)). 
This dissolution initiates the formation of tubular 
structures through self-folding. The curvature radius 
of the self-folded micro-roll reaches an equilibrium 

value, which is delayed by more than 10 s after the 
dissolution of the sacrificial layer. Confocal recon-
structed images show that the dimensions of the 
micro-patterns had a noticeable effect on the diameter 
of the resulting tubular structures. 

In addition to the cylindrical shape, various 3D 
geometries can be controlled and self-folded depend-
ing on the 2D micro-pattern design. For instance, a 
unique doll-shaped 3D structure was self-folded by 
combining rectangles with cross-shaped hinges, 
where the rectangles correspond to the body and 

Fig. 2.   �Low-magnification SEM images of micro-patterned films on glass substrate. The white box indicates enlarged areas. 
Reprinted from Teshima et al. [9]. Copyright 2017.
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Fig. 3.   �Using 2D thin films to fabricate arbitrary 3D structures. (a) Fabrication of a cylindrical structure using a rectangular 
thin film. (b) 3D self-folding with the 3D doll geometry. Reprinted from Teshima et al. [9]. Copyright 2017.
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limbs and a circle forms the head (Fig. 3(b)). The 
cross portion connecting the arms retained the back-
bone shape, making it possible to maintain the 3D 
doll geometry. Hence, by incorporating the branched 
structure in the pattern interior, it is possible to pro-
duce more complex 3D shapes such as dolls, zigzags, 
and caged skeletal frames.

We used Fourier transform infrared spectroscopy 
(FTIR) to characterize the molecular conformation of 
the self-folded micro-rolls [9]. Silk fibroin was meth-
anol-treated to induce β-sheet conformation in its 
crystalline layer. The spectra ranging from 1450 to 
1700 cm−1 are assigned to the absorption of the pep-
tide backbones in silk fibroin (Fig. 4(a)). All of the 
films containing the silk fibroin have spectra centered 
at 1625 cm–1, which is characteristic of the antiparal-
lel β-sheet conformation in crystalline silk. However, 
the folded micro-rolls exhibit a reduction in absor-
bance around 1650 cm−1, suggesting a transition from 
the helical conformation of amorphous silk to a 
β-sheet-rich conformation. There are no particular 
differences in the peak wavelengths of the micro-rolls 
with varying curvature radii. In addition, thanks to its 
high elastic modulus, the β-sheet-rich matrix was 
maintained without a phase transition after the self-
folding step. Accordingly, the inducement of the 
β-sheet-rich conformation is an essential process to 
maintain the 3D shape of the micro-rolls and make 
them sufficiently durable for long-term incubation.

We applied quantitative predictions of 2D designs 
to the final 3D geometry to allow us to control the 

micro-roll architecture [9]. Since the underlying 
mechanism of self-folding is the stiffness mismatch 
in the bilayer, the curvature of the micro-rolls (1/ρ) 
was calculated using Timoshenko’s bimorph beam 
theory [14] (Fig. 4(b)). This theory predicts the cur-
vature radius (ρ) based on the elastic modulus, layer 
thickness, and strain. For simplicity, we assumed a 
constant thickness of silk fibroin. The experimental 
value ρ is plotted in the equilibrium state as a function 
of thickness of parylene from 30 to 400 nm. We con-
firmed that ρ mostly follows the trend predicted by 
the bimorph beam theory.

3.2   Encapsulation and manipulation of cells
The key challenge with cell-laden micro-rolls is to 

fabricate tissue-mimicking tubular structures with 
non-cytotoxicity and to confirm their cellular func-
tion. We encapsulated human embryonic kidney 
(HEK) cells within the micro-rolls. When EDTA was 
added, the cells on the 2D film surface were encapsu-
lated inside the 3D micro-rolls through the self-fold-
ing of the bilayer (Fig. 5). Confocal cross-sectional 
images revealed that the arrayed micro-rolls encapsu-
lated numerous cells at a time, which were separated 
from the cells outside the patterned area. A live/dead 
assay revealed that more than 95% of the cells were 
still alive inside the micro-rolls after exposure to 
EDTA. This indicates that the self-folding and encap-
sulation process was sufficiently gentle to avoid cell 
damage. Since the curvature radius and length of the 
micro-rolls are controllable, the number of encapsulated 

Fig. 4.   �Characterization of self-folded micro-rolls. (a) FTIR spectra of crystalline silk fibroin in micro-rolls. Resonance 
absorbances centered at 1650 and 1625 cm−1 respectively indicate a random coil conformation in amorphous silk 
protein and the helical β-sheet conformation of annealed protein. (b) Plot of average curvature radius of free-floating, 
self-folded 200×400 μm2 films for various parylene film thicknesses. Reprinted from Teshima et al. [9]. Copyright 
2017.
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cells can be easily controlled with the cell density and 
the volume of the micro-roll. The use of an array of 
micro-rolls potentially makes it possible to create 
highly parallel assays that can be used to investigate 
cellular behaviors including migration, proliferation, 
and differentiation.

The high biocompatibility and transparency of the 
micro-rolls enable stable culturing of encapsulated 
cells. During the incubation, the encapsulated cells 
migrated and proliferated only inside the micro-rolls 
without any migration out of the micro-rolls. This 
leads to the formation of cell-cell contacts along the 
inner surfaces of the micro-rolls. The micro-rolls 
with encapsulated cells not only provide the transpar-
ency needed for microscope observations, but they 
also have sufficient mechanical strength to withstand 
the cell traction force. HEK cells exhibit relatively 
strong cell-to-cell contact, so the cells in a micro-roll 
aggregated and filled the micro-roll cavity after one 
day of culturing. Specifically, the cells proliferated, 
filled the micro-roll cavity, and then migrated onto 
the outer silk fibroin surface of the micro-rolls. The 
shapes of the cell clusters differed depending on the 
micro-roll volume and the cell-line’s adhesive prop-
erties.

A pico-liter fluid flow done with a glass capillary 
enables manipulation of cell-laden micro-rolls [9]. 
The smooth withdrawal and release of cells from the 
capillary enables us to relocate cells to the target loca-
tion (Fig. 6(a)). When the micro-cells were being 
conveyed inside the glass capillary, the micro-rolls 
stably maintained their cylindrical shapes without 
buckling or bending. Therefore, individual cells 
inside the micro-rolls were collected and transported 
to the targeted position to induce cell-to-cell contact 

(Fig. 6(b)). Note that the cells on micro-rolls were 
manipulated without stripping them from their 
growth surfaces, which allowed the adhesive state of 
the manipulated cells to be preserved. This has the 
potential to facilitate high-order cellular assembly for 
potential use in tissue engineering by enabling the 
manipulation of individual cell types into any desired 
multi-cell-line combination.

3.3   �Reconstruction of functional tissue-like struc-
tures

Physiological functions within the cell-laden 
micro-rolls were investigated using two types of pri-
mary cultured cells: cardiomyocytes and hippocam-
pal cells [9]. In contrast to the cell lines, neither of 
these proliferate spontaneously, and their cell bodies 
tend to reside in the micro-rolls. After five days of 
culture, the cardiomyocytes aggregated to form a 
more than 2-cm-long tubular structure. A time-depen-
dent displacement at corresponding pixel locations 
was estimated by subtracting the average intensity 
from the optical images (Fig. 7). The intensity corre-
sponding to the displacement shows that all the con-
necting cells synchronously contracted in the same 
period at approximately 1 Hz. Time-lapse fluores-
cence image measurement of fluo-4-labeled cells 
shows that the oscillation of intracellular Ca2+ propa-
gated and was synchronized within the micro-rolls. 
The microenvironment provided by micro-rolls of 
any length was able to regulate the cell migration and 
cell-cell interactions and drive intrinsic morphologies 
and functions.

Primary hippocampal cells were also encapsulated 
to reconstitute neural tissues. The encapsulated cells 
aggregated and subsequently extended their dendrites 

Fig. 5.   �Encapsulation of cells. As the Ca-alginate gel layer is removed by EDTA, the thin film deforms into a tubular structure. 
At the same time, cells near the surface of the film are encapsulated inside it. Reprinted from Teshima et al. [9]. 
Copyright 2017.
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in the micro-roll direction. After three days of cultur-
ing, the neurite-mediated cell-cell connection 
between the paired cell aggregation resulted in the 
formation of unidirectional neural cell fibers 
(Fig. 8(a)). Somas and their neurites were both locat-
ed inside the micro-rolls without any protrusions. 
Interestingly, the neurites were further extended out-
side the micro-rolls, where they connected with 
neighboring cells. Immunostaining of neurites and 
somas showed that both were positionally restricted 
within the micro-rolls. Some spheroids were located 

at the edge of the micro-rolls, and the others were 
evenly distributed inside the micro-rolls. Regardless 
of their location, the dendrites were extended and 
evenly distributed in the micro-rolls after long-term 
incubation.

To further investigate the accessibility of neurites to 
the outer surface, we examined cellular responses to 
external stimulation with added glutamic acid. When 
the glutamic acid receptors in the hippocampal cells 
were activated, the intracellular Ca2+ were detectable 
by calcium indicators using confocal laser scanning 

Fig. 6.   �(a) Manipulation of 400-μm-long cell-laden micro-rolls in culture medium. The micro-rolls can be withdrawn, relocated, 
and ejected with a picoliter flow using glass capillaries. (b) Micrograph of manipulated multiple cell-laden micro-rolls 
in culture medium.
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Fig. 7.   �Reconstruction of minute myocardial tissue structures. (Left) Phase contrast micrographs of cardiomyocytes cultured 
inside tubular structures, and black and white images showing the displacement of the cells during a heartbeat. 
(Right) Graph showing the amount of displacement during a heartbeat. In the tubular structure containing the 
cardiomyocytes, the cells are bound to each other to form a fibrous biological tissue-like structure. The cardiomyocytes 
beat in unison with a rhythm that is synchronized and constant. Reprinted from Teshima et al. [9]. Copyright 2017.
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microscopy (Fig. 8(b)). Fluo-4 labeled cells exhibit-
ed spontaneous Ca2+ oscillations that were synchro-
nized across the cells via synaptic connections (cells 
H, I, J), whereas the cells that were not connected via 
neurites showed no oscillation signals (cell K). This 
result indicates that the encapsulated cells come into 
direct contact and build up a cellular network with the 
cells outside of the micro-rolls through hollow struc-
tures in order to transmit and exchange information 
with their neighboring cells. After two weeks of cul-
turing, the extended neurites from the manipulated 
cell-laden micro-rolls were connected and bridged to 
achieve cell-to-cell contact between neighboring 
micro-rolls. Daily medium exchanges and cell main-
tenance ensures the long-term culturing of encapsu-
lated cells without cytotoxicity. Consequently, the 
relocated cells can recreate intercellular communica-
tion with the cells outside the micro-rolls, serving as 
building units of higher-order tissue assemblies and 
potential implantable grafts in vivo. 

4.   Summary

In summary, we proposed that a polymeric multi-
layered film transforms into a programmed 3D con-
figuration that depends on 2D geometry [9]. Conven-
tionally, it is difficult to induce a stress gradient in 
homogeneous films due to weak adhesion in layered 
hydrogel film [15]. The micro-rolls proposed in this 
study are improved by coating the film with parylene 
using chemical vapor deposition [10, 16], which 
results in the fabrication of single-cell-sized 3D 

structures with highly precise geometry in the same 
manner as bimetal films. The self-folding mechanism 
is based on the bending of bilayer films; thus, it is 
potentially applicable to any constituent materials.

The process of fabricating micro-rolls does not 
require cytotoxic etchant, unlike conventional self-
foldable inorganic bimetal thin films. This is attribut-
able to the non-cytotoxic dissolution of the sacrificial 
Ca-alginate layer, allowing for the batch encapsula-
tion of multiple cells. The biocompatibility of silk 
fibroin and parylene also ensured the encapsulation, 
long-term culturing of more than one month, and 
facile manipulation of encapsulated cells without 
cytotoxicity. Notably, the higher elasticity of parylene 
and silk fibroin enables the embedded cell to develop 
a fiber-shaped construct. As a result, the contraction 
of the primary myocytes and synaptic connections of 
highly oriented primary neural cells was achieved. 
The transparency of the polymers used facilitates the 
study of any cellular response such as calcium oscil-
lation and the fluorescent observation of an immu-
nostained cytoskeleton. This method could be 
expanded to many other adherent cell lines for the 
reconstruction of fiber-shaped functional tissues that 
mimic muscle fibers, blood vessels, and nerve net-
works in vitro.

5.   Future prospects

The system demonstrated here can be used to form 
scaffolding structures toward regenerative medicine 
and the behavior analysis of single cells. It also 

Fig. 8.   �(a) SEM images of hippocampal cell-laden micro-rolls cultured on poly-D-lysine/laminin-coated dishes. (b) Relative 
fluorescence intensity profiles of Ca2+ oscillations in hippocampal cells labeled with Fluo-4 and stimulated by adding 
glutamic acid in the segment shown in the confocal fluorescent image. Reprinted from Teshima et al. [9]. Copyright 
2017.
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enables encapsulated cells to be freely manipulated in 
the format of 3D shapes. Importantly, the adherent 
cells inside the micro-rolls are stably encapsulated 
and manipulated while retaining their adhesive prop-
erties. Although the cell-laden micro-rolls were 
entirely manually manipulated in this study, our 
manipulation platform is incorporated with an encap-
sulated magnet-responsive layer [11, 17] or a micro-
fluidic system [18] for fast, reliable, and automated 
manipulation. Additionally, the distance-mediated 
interconnection of elongated neurites between more 
than two neuron-laden micro-rolls is worthy of a 
detailed investigation involving optimizing their 
sizes, location, and patterns from the perspective of 
building synthetic neural circuits and tissue engineer-
ing. This method could be expanded in the future to 
reconstruct tissues with various shapes in vitro that 
are suitable for exploring single-cell assays, tissue 
engineering, and implantable ex vivo tissue grafts.
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