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Tailoring three-dimensional architectures by rolled-up 

nanotechnology for mimicking microvasculatures  

Rerngchai Arayanarakool,*a Anne K. Meyer,a Linda Helbig,a Samuel Sanchez,b 

and Oliver G. Schmidtac   

Artificial microvasculature, particularly as part of the blood-brain barrier, has a high benefit for 

pharmacological drug discovery and uptake regulation. We demonstrate the fabrication of tubular 

structures with patterns of holes, which are capable of mimicking microvasculatures. By using 

photolithography, the dimensions of the cylindrical scaffolds can be precisely tuned as well as the 

alignment and size of holes. Overlapping holes can be tailored to create diverse three-dimensional 

configurations, for example periodic nano-scaled apertures. The porous tubes which can be made from 

diverse materials for differential functionalization, are biocompatible and can be modified to be 

biodegradable in the culture medium. As a proof of concept, endothelial cells (ECs) as well as astrocytes 

were cultured on these scaffolds. They form monolayers along the scaffolds, are guided by the array of 

holes and express tight junctions. Nano-scaled filaments of cells on these scaffolds were visualized by 

Scanning Electron Microscopy (SEM). This work provides the basic concept mainly for an in vitro 

model of microvasculature which could also be possibly implanted in vivo due to its biodegradibility.  

 

Introduction 

In microvascular engineering, the scaffold for mimicking blood 
vessels plays an essential role in cell responses e.g. cell 
differentiation, cell alignment, cell elongation, gene expression, 
and tight-junction formation.1-9 Therefore, a cylindrical 
structure resembling the shape of a blood vessel is a more 
rational approach to mimic vascular microenvironment rather 
than conventional rectangular ones made from microfluidic 
channels for in vitro studies.10-19 As a scaffold for cell culture, 
the tubular structure should comprise access to nutrients. With 
nanotechnology methods, well-defined micro and 
nanostructures can be precisely fabricated to create two-
dimensional (2D) architectures for exploitation in diverse fields 
of life science and engineering. Recently, three-dimensional 
(3D) architectures gained more popularity since they resemble 
physiological microenvironments more closely.20-24 For bilayer 
cell culture, scaffolds should provide physical support while 
allowing direct contact of both cells in and outside the tube. 
This way, cells can create tight junctions in order to perform a 
biological barrier function. In general, cell-cell communication 
is dependent on direct physical contact or indirect contact via 
soluble factor regulation. 21, 22, 25  
 

Lumen formation of Endothelial cells (ECs) in 3D scaffolds of 
hydrogels26-30 which are able to be engineered as vascular 
extracellular matrix31 have been demonstrated as excellent 
systems to mimic vasculature especially for in-vivo 
applications. However, in order to mimic vasculature from 
arteries to capillaries, a tubular with diameters down to 10 µm 
(e.g. capillary in brain) should be chosen. Hydrogels are fluids 
and do not offer stability or variability in size of lumen 

formation, and porous cylindrical structures for cell culture 
have not reached diameters below 100 µm.32 Additionally, in 
hydrogels, vessel-like structures form spontaneously and not in 
a directed or designed fashion. Importantly, in hydrogel-based 
devices, cells embedded in 3D matrices obstruct the 
employment of imaging methods which are critical to nanoscale 
analysis. Contrarily, cells populating porous tubes can be 
visualized by SEM and confocal analysis with low background 
noise from scaffolds. Thus, the scalable, porous and tubular 
scaffold should provide a good platform for mimicking a 
microvasculature system especially for in-vitro applications. 
Such a system would have advantages for drug science due to 
its controllability in miniaturized dimensions (tiny holes and 
small tube diameter), functionalization, reproducibility, and 
high-resolution optical imaging. 
 

Three-dimensional architectures fabricated by strain 
engineering technologies33, 34 were first reported as a platform 
for cell culture by Mei and Huang et al. 35, 36 and established as 
a “lab-in-a-tube” application37  for investigating neuronal 
guidance, cell mobility and  cell division inside confined 
space.38-43 In order to create uniform, continuous porous tubes 
for cell layer formation, we here advance our fabrication 
approach to roll up nanomembranes with specified arrays of 
holes. In our approach the diameter and number of windings 
can be controlled by the geometry of the thin film. Strain-
engineered scaffolds with access holes and metallic patterns 
were reported before by Jamal et al.,44 our work here shows 
scalability of tube diameter down to 10 µm for capillaries, 
tunability of access holes for direct or non-direct contact of 
cells, tiny holes and tube curvature for homogeneous cell 
adhesion, and biodegradability of scaffolds. Another important 
aspect of our work is the use of ECs as a specific cell type 
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forming endothelial boundaries potentially allowing for the 
future use as drug-testing platforms and, gaining the possibility 
for evaluating speed and efficiency of drug passing through 
vessels (i.e. blood-brain-boundary). Though, this work mainly 
focus on the scaffolds as an in vitro model of microvasculature, 
the biodegradability of this three-dimensional structure is also 
demonstrated for the future use as an in vivo implant. 
 

We demonstrate the fabrication and employment of this tubular 
microstructure as a cell scaffold to mimic microvasculature by 
culturing ECs or astrocytes around the scaffolds. ECs populate 
porous tubes and form a monolayer with tight junctions. 
Astrocytes are specifically guided to those parts of the tubes 
that contain holes. We fabricated metal patterns inside porous 
tubes offering the opportunity of specific functionalization 
areas or integration of a sensing system inside porous tubes. 
The fabrication approach of this cell scaffold was adjusted to 
enable the biodegradability in culture medium. This allows 
cells to form a mono- or bilayer where the mechanical support 
dissolves after layer formation. These porous tubes are capable 
of being integrated into microfluidic systems or rolled-up 
electrodes, offering the opportunity to build cylindrical-shaped 
microvasculature networks or to perform real-time electrical 
measurement on a miniaturized device.45, 46 
 

Materials and Methods 

Rolled-up porous tube fabrication  

The porous tubes were fabricated by employing rolled-up 
technology and a standard photolithography as illustrated in 
Fig.1A. First, a glass substrate was cleaned by organic solvents 
(acetone and isopropanol, respectively) and dried by nitrogen 
before dehydration at 120°C for 5 min. A sacrificial layer was 
then patterned onto this substrate by using a lift-off process. 
This process was started by spin-coating a negative photoresist 
(AZ5214E, Clariant GmbH) onto this substrate (4500 rpm, 30 
s) and patterned by a mask aligner (MJB4, SÜSS Microtec). 
Subsequently, a metallic sacrificial layer was deposited onto 
this substrate with patterned photoresist by using electron beam 
evaporation (Edwards AUTO 500 E-beam evaporator) under 
high vacuum (<10-4 Pa). Afterwards the sample was cleaned by 
organic solvent to remove the photoresist. Then, the second lift-
off process was performed by using the same procedure as 
described above to create the pattern of strained nanomembrane 
with the array of holes by E-beam deposition prior to removing 
photoresist by organic solvent. In our experiment, we used 
copper (40 nm thick) as a sacrificial layer which can be 
removed by a chromium etching solution (Chromium Etch 
No.1, Microchem) within a few minutes. Upon the etching step, 
the nanomembrane with the array of holes started to roll up due 
to the mismatched strains of bimetallic or oxide layers forming 
a rolled-up porous tube.33, 34 Finally, the sample was rinsed in 
DI water for a few minutes before drying in a critical point 
dryer (CPD 030, Bal-Tec AG) to avoid the structural collapse. 
The microtube was further coated with a 15-nm Al2O3 layer by 
using atomic layer deposition (ALD, SavannahTM 100, 
Cambridge NanoTech Inc.) to strengthen the microtubes. All 
organic solvents were purchased from VWR GmbH. 
 

Characterization  

The micro and nano structures of microtubes were imaged by 
an optical microscope (Zeiss Axiocam MR) and a SEM (Zeiss 
digital) with a 1-5 keV acceleration voltage. Before imaging, 
the samples were coated with 5-nm gold.  

Biofunctionalization of porous tube  

After being fabricated by aforementioned approach, the porous 
tube was functionalized to promote good adhesion of cells 
along the scaffold. First, the tube was cleaned in oxygen plasma 
(30 W, 5 min) and then immersed in 1 mM 11-
phosphonoundecanoic acid in toluene overnight. Afterwards, it 
was thoroughly rinsed in toluene, acetone, ethanol and water, 
respectively, and dried by nitrogen. Then it was immersed in 
PBS solution containing 0.1 M N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) and 0.025 M N-hydroxyl 
sulfosuccinimide (NHS) (1 hour) followed by incubation with 
0.02 mg/mL fibronectin at 37ºC (1 hour). Then, the sample was 
immersed in EDC and NHS for one hour. In order to improve 
in vitro microvasculature, the porous tube was further coated by 
collagen matrices (Collagen type I, Gibco) to imitate the 
mechanical properties of this scaffold to soft tissue by 
following the protocol from manufacturer. Firstly, collagen (5 
mg/mL) was mixed with sterile 10 x PBS, sterile distilled water 
and sterile 1 M NaOH to obtain the final collagen concentration 
of 3 mg/mL at pH 7. Then, the collagen solution was 
immediately dispensed into the microtube array and incubated 
at 37°C in a humidified incubator (30 min). Finally the samples 
were rinsed with sterile PBS before seeding cells. All chemicals 
were purchased from Sigma Aldrich. 
 

Cell Culture  

The porous tubes were used as scaffolds to culture two cell 
lines i.e. endothelial cells (b.End3) and astrocytes (C8D1A) 
purchased from ATCC. Cells were cultured in cell medium 
(Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich), 
10 % fetal bovine serum (FBS, Sigma Aldrich), 2 mM L-
Glutamine (Sigma Aldrich), 1 % Penicillin/Streptomycin 
(Gibco) at 37°C in a humidified atmosphere containing 5 % 
CO2. Cells were placed on to the micro porous tube array at a 
concentration of 5 x 104 cells/mL and cultured for 2-3 weeks. 
The medium was refreshed every 2-3 days. Vascular 
endothelial growth factor, (VEGF, 10 ng/mL, PAN Biotec) was 
added to endothelial cells to improve vascularisation. 
 

Immunostaining and Fluorescent Imaging 

The cell culture samples for fluorescent imaging were fixed in 
cold ethanol at -20°C for 10 min, then rinsed three times with 
PBS solution. The samples were subsequently permeabilized in 
0.1 % Triton X-100/PBS (10 min) at room temperature. 
Afterwards, they were blocked in 1 % bovine serum albumin 
(BSA) in PBS for 1 hr. Then, the cell samples were incubated 
with primary antibody (monoclonal mouse anti-ZO-1 antibody, 
10 µg/mL; Invitrogen) diluted in 1 % BSA/PBS overnight at 
4°C to label ZO-1 protein. Secondary antibodies coupled to 
Alexa goat anti-mouse 594 (Invitrogen) were used at 1:500, 
phalloidin-FITC (Invitrogen) at 1:160 was used to label actin 
filaments, and DNA was stained using DAPI (4, 6-diamidino-2-
phenylindole, Invitrogen) in PBS for 1-hour incubation at room 
temperature. Then, samples were rinsed in PBS three times. 
Finally the cell culture samples were placed between two glass 
cover slips prior to imaging by an inverted fluorescent 
microscope (AxioObserver Z1, Zeiss) or at a Zeiss LSM 780 
confocal microscope.  
 

SEM imaging of cell culture samples 
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The preparation of cell culture samples for SEM imaging was 
done by following the protocol published before.47 Briefly, the 
samples were incubated in 3 % glutaraldehyde (Sigma-Aldrich) 
in 0.1 M PBS at 37°C (15 min), then rinsed three times with 
PBS solution. Subsequently, they were treated in 1 % osmium 
tetraoxide (Roth) in PBS at pH 7.4 (30 min) and then rinsed in 
PBS solution five times. After incubation in 1 % 
carbohydrazide (30 min) samples were rinsed five times in DI 
water (15 min). They were then incubated again in osmium 
tetraoxide solution (30 min) before rinsing thoroughly in DI 
water (15 min). The samples were then dehydrated through 
ethanol solution series from 30 %, 50 %, 70 %, 90 % and (three 
times) 100 % ethanol solution over 30 min. Finally, they were 
dried in critical point dryer and coated with 5-nm gold.  
 

Biodegradation of SiO and SiO2 layers 

The thin films (90 nm) of SiO or SiO2 which were prepared by 
E-beam evaporation were immersed in the culture medium and 
placed in an incubator at 37°C. After specific periods of time, 
they were thoroughly rinsed by water and dried under nitrogen 
flow prior to the measurement of the thickness using a 
profilometer. The biodegradation of this porous tube was done 
by culturing ECs in culture medium for 5 weeks.  
 

Results and discussion 

Fig.1: (A) Schematic of the fabrication procedure of porous tubes. 
(B-D) SEM image of a porous tube was fabricated by rolling up a 
porous strained membrane (SiO and SiO2 layers). (B) The tube 
contains holes array in the middle with the tube diameter of 70 µm 
and hole diameter of 4 µm (B inset). (C) The tube (20 µm in 
diameter) contains holes of 2 µm (C inset). (D) The holes are 
rectangular-shaped with the pattern of holes along the entire tube 
with a tube diameter of 18 µm. The scale bars are 100 µm (B), 5 µm 
(B inset), 20 (C and D) and 1 µm (C inset). 

Porous tubes with diverse geometries and materials 

Microtubular structures with arrays of holes can be fabricated 
as shown in Fig.1A. The length of porous tubes and the patterns 
of holes are designed and scaled down to the resolution limit of 
a standard photolithography. For instance, holes can be 4 µm 
(Fig.1B) or 2 µm (Fig.1C) in diameter. Different patterns of 

holes are shown in Fig.1B (middle of a tube) and Fig.1D (entire 
tube) and the different shapes of holes are shown in Fig.1B 
(circular shape) and in Fig.1D (rectangular shape). The 
diameter of the tubes was tuned by altering thicknesses and 
deposition rates of materials to employ them as scaffolds for 
vascularisation at different vessel diameters (Fig.2). Physical 
vapour deposition allowed utilising different materials for 
fabrication of porous tubes (Fig.3). Importantly, one porous 
tube can incorporate different materials yielding diverse 
functionalization. For example, a gold surface inside a tube can 
be used for thiol functionalization and a SiO2 surface outside a 
tube for silanization. Moreover, it is possible to make micro-
metallic patterns (Fig.3J and K) allowing for spatial 
functionalization or real-time and vicinity sensing inside a 
tube.46 

 
Fig.2: The diameters of porous tubes can be tuned by altering the 
thickness or the deposition rate during nanomembrane production. 
The tubes consist of an array of holes only in the middle part with 
the hole diameter of 2-4 µm and the length of the array is around 
120 µm. Porous tubes were made from SiO/SiO2 membranes (A-F 
and J), SiO2/TiO2 membrane (G, H) and TiO2 membrane (I). The 
tube diameters were approximately 15 µm (A), 30 µm (B), 40 µm 
(C), 50 µm (D), 60 µm (E), 70 µm (F), 80 µm (G), 125 µm (H), 170 
µm (I) and 225 µm (J). Scale bars for all images are 200 µm. 

Fig.3: Porous tubes can be made from different materials providing 
versatile functionality. The tubes were made from SiO/SiO2 (A), 
TiO2/TiO2 (B), Ti/Ti (C), SiO/SiO2/Ti (D), SiO/TiO2 (E), SiO/SiO2/Au 
(F), SiO/SiO2/Fe (G), SiO/SiO2/Pt (H), and Si/Ti (I). (J) Porous 
tubes with integrated gold pattern. (K) Magnified imaged of the 
middle of a SiO2 tube with hole diameter of 4 µm and gold patterns. 
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Gold patterns can be used for localized functionalization such as 
sensing inside a tubular structure. The scale bars for all images are 
200 µm, except for (C): 15 µm, (J): 100 µm, and (K): 10 µm. The 
insets are the magnified images of the hole array in the middle area 
of each porous tube. The scar bar for all insets is 5 µm except for (C 
inset): 2 µm.  

After rolling up, a short membrane created a porous tube with a 
few (< 2) windings (Fig. 4A) providing pass-through holes. 
Such tubes were suitable for exploring direct physical contact 
between cells inside and cells outside a tube. On the other hand, 
long membranes created a porous tube with several (> 2) 
windings so that the holes in each layer did not overlap with 
those of neighbouring layers (Fig.4B and 4C) could be useful 
for investigations of indirect communication between cells. In 
this case, cells cannot establish direct cell-to-cell contact 
because the apertures are too small for cell filament to pass. 
This way, communication between cells on in and outside of 
tube can only rely on indirect soluble factor communication.21 
The dimension of holes was downscaled with our fabrication 
approach to 2 µm which is the limit of a standard 
photolithography. Overlapping holes create diverse periodic 3D 
configurations, for example, miniaturized apertures around the 
overlapping holes resulted in periodic star-shaped patterns 
(Fig.4E and 4H) and I-shaped patterns (Fig.4F and 4I). These 
3D architectures were dependent on the patterns of holes, the 
dimensions of nanomembranes before rolling, and the diameter 
of the tubes which were all controllable in our approach 

Fig.4: Diverse configurations of the 3D architectures formed by 
rolling up a nanomembrane with holes patterns. (A) A porous tube 
with one winding is fabricated from a short porous membrane 
providing tiny pass-through holes (B) The porous tube with several 
windings (Fig.4B inset) is fabricated from the long membrane 
without pass-through holes (C) allowing only tiny objects or 
molecules to pass through. (D) Nano-scaled periodic holes patterns 
can be made from the overlapped holes of this structure. The 
dimension of the original holes pattern is 4 µm and after rolling up, 
the overlapped holes create smaller aperture with the dimension of 
0.5 µm by 2 µm. The scale bar is 20 µm (A), 100 µm (B), 5 µm (B 
inset), 10 µm (C), 5 µm (D), 2 µm (D inset), 50 µm (E and F), and 
10 µm (E inset and F inset). 

Cell culture around porous tubes 

After culturing cells around the porous tubes, we studied the 
cell morphology and cellular components by immunostaining. 
In the culture system of astrocytes on porous tubes, astrocytes 
grew around tubes and migrated into tubes particularly to the 

patterns of holes (Fig.5). A single confocal image at the bottom 
of a tube (Fig.5A) demonstrated that cells migrated into tubes 
and rather adhered to the part of the tube where holes presents. 
In this area, in tubes with < 2 windings, cells can directly 
contact cells outside of the tube through holes allowing direct 
contact communication. A single confocal image in the middle 
plane of a tube showed that astrocytes were also able to climb 
the walls of the tubes (Fig. 5B), leading to a layer of astrocytes 
around the circumference of the tube. In scanning electron 
microscopy images, filaments were visible that spread along the 
tubes as well as sprouting from the inside to the outside of tubes 
with < 2 windings that allow direct passing through holes 
(Fig.5C and 5D). This emphasized that the connectivity of cells 
inside and outside of porous tubes is changing with the amount 
of windings. Few windings allow direct contact and 
communication between cells while many windings prevent 
cell filaments to reach from one side to the other, this way 
allowing only indirect communication between cells while 
many windings prevent cell filaments to reach from one side to 
the other, this way allowing only indirect communication via 
soluble factors. 
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Fig.5: Confocal images of astrocytes around a porous tube. 
(A): Confocal Image taken at the bottom of sample (z-position 
of image slice illustrated above). (B): Confocal Image in the 
middle of sample (in z-direction as illustrated above). (C) SEM 
images of astrocytes seeded around the porous tube. (D) High-
resolution of SEM allowed visualization of nano-scaled cellular 

components around porous tubes. The scale bar is 50 µm (A), 
(B), 10 µm (C) and 2 µm (D).  
 

 

Fig.6: Confocal images of endothelial cells seeded on porous tubes. A) 3D Reconstructions from confocal stacks. The scale bar is 50 µm. B, 
C) Tight junctions between cells (arrows, B) and between cells and porous tube (arrowheads, C). Scale bars equal 10 µm. D) Tight junctions 
between cells (arrowheads) on top of tube. Scale bar equals 20 µm. E) Endothelial bilayer formation on two sides (in and out) of the lateral 
tube wall. Scale bar equals 10 µm. F) Lumen formation attaching to holes of tube (arrows). Scale bar equals 10 µm. G) Multiple lumina 
form on double tubes and connect them to flat surface. Scale bar equals 50 µm.    

Recently, researchers have promoted the growth and adhesion 
of ECs and lumen formation by replicating the substrate 
stiffness of soft tissue and/or adding vascular endothelial 
growth factor (VEGF).48, 49 Therefore, we further investigated 
the influence of coating with extracellular matrices such as 
collagen and adding VEGF (Fig.6). 3D Reconstruction of 
confocal stacks revealed ECs occupying the outer walls of 
porous tubes (Fig.6A) with or without addition of VEGF and/or 
collagen to the samples. When VEGF was added, more cells 
climbed the walls of tubes and formed tighter monolayers, as 
shown by the expression of ZO-1 at the cell membranes 
(Fig.6B and 6C). ZO-1 is a protein forming highly specialized 
epithelial junctions in endothelial cells. These tight junctions 
form a diffusion barrier to control the transport of molecules 

through the cell monolayer which is a hallmark of an 
endothelial cell layer. Importantly, tight junctions were not only 
formed in between cells (Fig.6B) but also between cells and 
porous tubes (Fig.6C). When VEGF and collagen were added 
to the samples, on top of the porous tubes the cells formed a 
tight monolayer, as shown by tight junctions between all cells 
in that z-plane (Fig.6D). Across the lateral walls of the porous 
tubes, ECs were able to form an endothelial bilayer. This means 
that one layer of cells formed on the inside of the wall and the 
other layer on the outside of the same wall, creating a bilayer 
on two sides of an integrated nanomembrane (Fig.6E). When 
collagen was used to enhance the elasticity of the sample more 
lumen formation was observed. These lumina frequently 
spanned from the flat surface toward patterns of holes on 
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porous tubes (Fig.6F). The combination of VEGF and collagen 
on porous tube substrates was most successful in inducing 
vascularization from porous tubes (Fig.6G). 
 

By using porous tubes, monolayer formation of ECs became 
possible for different diameters (Fig.7). This allowed 
mimicking of different sizes of vasculature from arteries to 
capillaries. In summary, porous tubes supported the production 
of endothelial monolayers that are capable of performing a 
biological barrier function, as well as bilayers and lumen 
formation of ECs. 

 Fig.7. The formation of ECs monolayer at different diameters, i.e., 
12 µm (A), 20 µm (B), 30 µm (C), 40 µm (D), 50 µm (E), and 60 µm 
(F). The blue channel is nucleus and the red channel is ZO-1. The 
scale bars for all images are 50 µm. 

Biodegradation of porous tubes 

It was reported before that thin layer of silicon oxides (SiO and 
SiO2) dissolve in the buffer solution.50 In our regular 
experiments the porous tubes were made of SiO and SiO2 and 
later coated with Al2O3 using atomic layer deposition to 
stabilise the SiO/SiO2 scaffold. Tubes coated with alumina 
were stable for more than 6 weeks in culture medium since 
alumina prevented dissolution of silicon oxides.51 However, in 
absence of alumina, silicon oxide layers dissolved in cell 
culture medium. The thin-layer of these oxide membranes 
dissolved in the medium at a rate of around 10 nm/day 
(Fig.8A). We also investigated the biodegradability of porous 
tubes in contact with ECs culture. The rolled-up porous tubes 
which were made of SiO and SiO2 (40 and 175 nm in thickness, 
respectively) and functionalized with collagen (without alumina 
coating) were used as scaffolds to culture ECs. The tube 
consisted of 4 windings of SiO/SiO2 layers with the total wall 
thickness of around 860 nm. Cells formed a monolayer around 
the tube and became confluent in 2-3 weeks. They formed 
lumina from several positions, both on the flat substrate and 
around the tube as indicated by numbers 1, 2 and 3 in Fig.8B-
D. The tubes which were covered by ECs started bending from 
the middle part after 24 days of culture (Fig.8B, C) and 
eventually deformed their shape after 33 days (Fig.8D). The 
bending of tubes was owing to the contraction force from the 
lumina which were connecting a tube to flat area of the sample 
as indicated by numbers 1, 2 and 3 in Fig.8B-D. The dissolution 
of thin films and deformation of porous tubes confirmed the 
biodegradation of these materials in culture medium. In 
summary, we have shown a versatile approach to fabricate 
tunable porous tubes for biological layer formation of ECs 
which can be biodegradable, functionalized and integrated into 
lab-in-a-tube devices for drug discovery.  

Discussion 

Our versatile fabrication approach can reproducibly generate 
high-throughput porous tubular structures with scalable sizes of 
pores and tube diameters to mimic microvasculature as the size 
of the pores is defined by photolithography and the tube 
diameter is dependent on the thicknesses and deposition rates of 
the nanomembrane materials as depicted in Fig.2 – 4. These 
structures offer cylindrical shape, apertures around the tube, 
and the possibility of micropatterning inside porous tubes. 
Guidance of astrocytes and lumen formation of ECs 
demonstrated the proof-of-principle for the application as 
artificial microvasculature. Additionally, porous tubes with 
varied numbers of windings and diverse sizes of holes can be 
used for investigations of different cell-cell communication 
pathways. We here used tubular structures with holes to study 
the formation of biological barriers that require physical contact 
of cells. However, porous tubes can also be fabricated with 
several windings without pass-through holes for the 
investigation of indirect communication of cells. There, porous 
tubes act as a barrier to inhibit direct cell contact while small 
molecules can pass through space between windings and non-
overlapping holes. It was reported that ECs directly contacting 
to astrocytes via 3-µm holes exhibited heterogeneous 
behaviours compared to those cells which were indirectly 
contacted via sub-micron holes,25 emphasizing the significant 
role of barrier for cell-cell communication. This will be the 
specific design criteria to make the cylindrically-shaped tubular 
scaffold suitable for investigation of cell responses in the 
ECs/Astrocytes co-culture system. Apart from this, the 
diameter of the tubular structure should be large enough for 
cells migrating inside. In addition, biodegradability enables 
porous tubes to stabilize lumen formation of desirable 
dimensions and to dissolve after formation is complete.  

Fig.8: (A) The dissolution of SiO layer (dash line) and SiO2 layer 
(solid line) in culture medium. SiO and SiO2 were deposited by using 
E-beam evaporation with the rate of 5 Å/s and 1 Å/s, respectively. 
The dissolution rate in culture medium (pH 7.4) is around 10 nm/day 
for both layers. (B-D) The collagen-coated porous tube which was 
seeded by ECs was deformed in culture medium for a few weeks. 
ECs formed lumens on the flat surface and around the tube as 
indicated by numbers 1, 2 and 3. At 24th day, the porous tube started 
to bend from the middle. At 33rd day, the tube deformed their shape 
in several positions. The scale bars are 100 µm.     

Outlook 
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Different functionalizations or real-time and vicinity sensing 
inside a tube46 can be made inside our tubular structure which is 
difficult to perform in polymer-based devices.27, 52-54 For 
example, one can measure nitric oxide released from ECs 
intrinsically to link biological functions of blood vessels i.e. 
vascular muscle relaxation,55-57 or monitor simultaneously the 
confluence and development of tight junctions of ECs by 
measuring transendothelial electrical resistance (TEER).20 In 
this work, we use copper as a sacrificial layer requiring the 
etching solution of perchloric acid and ammonium cerium 
nitrate which is hazardous for cells. However, in the future, one 
can try to use PBS solution to etch copper 58 or change to 
water-soluble polymers.59  This would allow to roll up seeded 
cells together with the nanomembrane in PBS or water solution. 
Moreover, fabrication of microtubes on a substrate surface 
provides the opportunity to employ this structure for the field of 
body on a chip which was recently established. 60-63 This 
compartmented system will be useful as co-culture system of 
microvasculature of ECs and other biological systems outside 
the tube, for instance, mimicking the blood-brain barrier (ECs 
and astrocytes), or replicating the microvasculature in muscles 
or other organs. Therefore, rolled-up porous tubes are a next-
generation structure useful as cell scaffolds for biological 
barrier formation and for lab-in-a-tube application.  
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