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Abstract 

Hydrogels are very popular in biomedical areas for their extraordinary biocompatibility. 
However, most bio-hydrogels are too brittle to perform micro/nanofabrication. An effective 
method is cast molding; yet during this process, many defects occur as the excessive demolding 
stress damages the brittle hydrogels. Here, we propose a brand-new damage-free demolding 
method and a soft ultrafine fiber mold (SUFM) to replace the traditional mold. Both mechanical 
and finite element analysis (FEA) reveal that SUFMs have obvious advantages especially when 
the contact area between hydrogel and mold gets larger. By means of a high-resolution 3D 
printing called electrohydrodynamic (EHD) printing, SUFMs with various topological 
structures can be achieved with the fiber diameter ranging from 500 nm to 100 μm at a low 
cost. Microfluidics and cell patterns are implemented as the demonstration for potential 
applications. Owing to the tiny scale of microstructures and the hydrophilicity of hydrogels, 
significant capillary effect occurs which can be utilized to deliver liquid and cells autonomously 
and to seed cells into those ultrafine channels evenly. The results open up a new avenue for a 
wider use of hydrogels in biomedical devices, tissue engineering, microfluidics and wearable 
electronics; the proposed fabrication method also has the potential to become a universal 
technique for micro/nanofabrication of brittle materials. 

Keywords: Hydrogel micro/nanofabrication, ultrafine fiber mold, damage-free demolding, micro/nano 3D printing, 
electrohydrodynamic printing, hydrogel bio-microfluidic chip, cell patterns 

 

1. Introduction 

Hydrogels, which are water-swollen, cross-linked 
hydrophilic polymer systems,[1, 2] have gained popularity in 
many areas like tissue engineering,[3-5] soft electronics and 
actuators.[6-8] For applications in tissue engineering, due to 
various properties including high water content similar to in 

vivo soft tissues, extraordinary biocompatibility, adjustable 
physicochemical properties and capability to mimic the 
extracellular matrix,[9, 10] hydrogels are widely used in 
organoids[11-14], organ on the chip,[15-18] cell pattern[19-
21]  and tissue regeneration.[22, 23] 

A critical issue for tissue engineering is to mimic the 
microstructure and extracellular microenvironment in 
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different parts of native tissues and organs so as to facilitate 
specific functions of cells.[24, 25] Therefore, as hydrogels 
are widely used as matrix, it is important to fabricate complex 
hydrogel-based structures with high precision. On the one 
hand, additive manufacturing is an emerging approach 
including extrusion and light-assisted 3D printing.[26] 
However, it is limited to specific materials which are 
considered to be either printable[27] or light sensitive. 
Precision is another problem. For extrusion 3D printing, they 
can hardly produce fibers sized below 100μm due to the 
restriction of nozzle diameter.[28] For light-assisted 3D 
printing, it is also difficult for them to conduct 
nanofabrication. Despite techniques like two-photon 
polymerization (TPP) are capable of fabricating structures 
with a nanometer resolution,[9] their equipment is extremely 
expensive. On the other hand, although current 
micro/nanofabrication methods used in integrated circuit (IC) 
like lithography are mature, they are based on 
semiconductors,[29, 30] quartz and glasses[31, 32] which are 
not suitable for direct use in hydrogel manufacturing.  

A most common fabrication method for hydrogel is cast 
molding.[15, 21, 24] During this process, molds made by IC 
process are utilized for casting the hydrogel precursor. After 
crosslinking, the hydrogel patterns are demolded and the 
micro/nanostructures can be obtained. However, there are 
several drawbacks by using this method. First of all, 
hydrogels with high biocompatibility are usually extremely 
brittle. They can be easily damaged by excessive stress when 
demolded from the molds. As a result, a variety of defects 
arise, especially when the molds have high aspect ratios, 
ultrafine and complex structures.[33-36] The main reason of 
the excessive stress in the conventional demolding method is 
that the contact area between the hydrogel and mold is too 
large. It induces a tremendous frictional force and adhesive 
force and then stress concentration occurs in corners of those 
micro/nano structures. In other words, if the contact area 
between the hydrogel and the mold is greatly reduced, the 
demolding stress will be cut down. Furthermore, it is 
generally accepted that cast molding, which is dependent on 
IC process, is costly and not efficient due to the complex 
procedures for fabricating molds.[37, 38] As a result, plenty 
of researches are devoted to looking for substitutions. The 
aim of our work is therefore to solve the two problems of cast 
molding mentioned above: 1) greatly diminish the demolding 
stress by reducing the contact area between the mold and the 
hydrogel. 2) cut down the expense and improve the 
fabrication efficiency. 

Here, a new strategy is proposed based on the 3D printed 
soft ultrafine fibers as the molds (SUFMs); peeling off these 
fibers from the hydrogel softly leads to a damage-free 
demolding. Differing from conventional demolding where 
the contact between molds and the hydrogel is a conformal 
contact, there is just a tiny local contact between the fibers 

and the hydrogel during the damage-free demolding, which 
can induce significantly less adhesive and frictional force. 
Furthermore, bending stress generated by the deformation of 
hydrogel is eliminated. In other words, the damage-free 
demolding significantly improves the quality of demolding 
by reducing the demolding stress. A finite element analysis 
(FEA) also proved the superior performance of the damage-
free demolding. Meanwhile, the EHD 3D printing[39-42] is 
able to print nanoscale structures. With the SUFMs 
fabricated by it, channels with diameters from 500nm to 
100μm and patterned microstructures with a high precision 
can be obtained. In addition, thanks to this high resolution 
3D printing method, the proposed fabrication process is not 
only less costly but also more efficient than traditional micro-
molding. Compared with many other micro/nanofabrication 
methods, the damage-free demolding can easily adapt to 
various materials. It requires neither complex process 
parameters nor specific rheological property of the materials. 
As a result, it has the potential to become a universal 
technique for micro/nanofabrication of brittle materials. 
When it comes to the precision, our method is superior to 
most techniques except TPP. However, its cost is negligible 
compared with TPP’s. Interestingly, due to the ultrafine 
channels and the excellent hydrophilicity of a here used 
hydrogel material, gelatin methacrylamide (GelMA), an 
obvious capillary effect can be discovered. With this effect, 
we could deliver liquids and even cells in the chips without 
extra power supplies (Figure 1Bi). It means that complex 
peripheral equipment like pumps around the traditional 
microfluidic chips can be abandoned.[43] As a result, we 
could seed cells into superfine channels with a size of only 
15μm evenly and controllably, which is difficult to achieve 
with manual operation. Finally, by tuning the channel 
diameter in the chips, we could guide the cells to grow in a 
particular direction and even in arbitrary patterns, which 
demonstrates the application prospects in the fields of cell 
patterns (Figure 1Bii). 

2. Results and discussion 

2.1 Fabrication of 3D printed soft ultrafine fibers as 
the molds (SUFMs) 

To obtain SUFM with a diversity of patterns and 
diameters, EHD 3D printing was used to deposit 
polycaprolactone (PCL) or other effective materials on a 
substrate in a predesigned printing path with high precision 
(Figure 1Ai). Then, the SUFM was framed, with the 
hydrogel precursor poured into the frame and cured by 
methods of cooling, heating or crosslinking according to the 
materials (Figure 1Aii). Finally, the SUFM was detached 
from the substrate along with the cured hydrogel and the 
fibers were peeled off from the hydrogel softly with 
extremely little damage; this process was called damage-free 
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demolding (Figure 1Aiii). 
Figure 2 is a comparison between conventional 

demolding and damage-free demolding referring to their 
molds, process and defective forms. Templates in the 
conventional methods are made of hard materials like Si and 
quartz or comparatively soft materials like 
polydimethylsiloxane (PDMS). They are widely used in 
microelectromechanical systems (MEMS),[44] soft 
lithography,[45, 46] nanoimprint,[47] etc. They are all in an 
integral whole. As a result, when the casting material is cured, 
it will be restricted from all directions and bonded with the 
template tightly. Furthermore, the contact area between the 
hydrogel and the mold is the entire bottom surface, and the 
hydrogel needs to be completely peeled off at one sitting. 
This leads to an excessive friction force and adhesive force, 
which are proportional to the contact area.[48] Therefore, the 
conventional method may work when using a high strength 
casting material; but for the fragile hydrogel, it may not be 
effective especially in micro/nanofabrication where the 
structures with high aspect ratios and tiny scales exist.[33] 
Three typical defect formats are also presented, including 
line defects, plane defects and even a fracture.[47]  

Right part of Figure 2 is the schematic of damage-free 
demolding. Differing from the traditional template, the 
SUFM, which is composed of soft fibers and a substrate, is 
separable. After the curing of hydrogel, the soft fibers layer 
would detach from the substrate and move to the hydrogel. 
As a result, instead of peeling off the hydrogel from the 
template, it is more flexible to peel off the ultrafine and soft 
fibers from the hydrogel, which always has only a tiny local 
contact area. This generates much less friction force and 
adhesive force than the conventional one leading to a perfect 
demolding. 

2.2 Mechanical analysis of two demolding process 

2.2.1 Mechanism of two demolding methods. To 

better understand the advantage of the proposed fabrication 
approach, we first study the mechanism underneath. Figure 
3 provides a mechanical analysis in both microscale and 
macroscale view. Micro analysis only focuses on a small 
typical part. For conventional demolding, four key factors 
influence the stress condition referring to previous theories, 
including interface adhesive force,[49, 50] mechanical 
frictional force,[51, 52] bending stress and additional 
moment[53] (upper left part of Figure 3). Firstly, as the 
surfaces of the hydrogel and the mold are extremely close 
after curing, molecular interactions inevitably exist on the 
contact surfaces, including electrostatic force, van der Waals 
force and capillary force.[50] This leads to the interface 
adhesive force. Additionally, during the demolding process, 
the hydrogel and the mold have an opposite movement. With 
their rough surfaces, the two contact layers will drag against 

each other. To resist the layer deformation, they will 
undertake a mechanical frictional force. Similar to the 
molecular-mechanical theory of friction,[54] the total 
resistance force consists of adhesive force and mechanical 
frictional force. In addition, due to the elasticity of the 
hydrogel and the asymmetrical peeling process, deformation 
of the hydrogel occurs, resulting in the bending stress. 
Moreover, as the demolding is asymmetrical which has also 
been discussed by our previous work,[53] its direction cannot 
be vertical but has an inclined angle. The hydrogel will 
therefore hit against the sidewalls of the mold, which gives 
the hydrogel an additional moment. 

By a one-by-one comparison with the four factors 
mentioned above, the damage-free demolding method 
exhibited a better performance (upper right part of Figure 3). 
Region A, which is highlighted by yellow dash lines, was 
extracted for analysis. Since fibers were separated from each 
other and could not be peeled off simultaneously, only one 
fiber was pulled up in the schematic. At first, the contact area 
between the single fiber and region A is smaller than the 
conventional one. As a result, the interface adhesive force is 
lower. Moreover, region A only suffers a unilateral 
mechanical frictional force which was half of the 
conventional one. Furthermore, during the damage-free 
demolding process, only the soft fiber is peeled off while the 
hydrogel keeps flat with no deformation. Hence, there would 
not be any bending stress. Finally, an inclined angle might 
also exist when the fiber is peeled off. Therefore, the 
additional moment could be similar with the conventional 
one. Generally, from the microscale view, damage-free 
demolding is superior to the conventional way.  

However, microscale analysis is not comprehensive. In a 
real demolding process, molds have complex patterns and 
structures; the contact area between hydrogel and mold is at 
least several square centimeters. It means much more units in 
micro analysis are contained, which also has a big effect on 
the demolding quality. Accordingly, a macroscale analysis is 
conducted; the conventional mold and SUFM are both shown 
with a gridding pattern. On one hand, in the conventional 
method (lower left part of Figure 3), the whole piece of 
hydrogel has to be peeled off at once. Consequently, the 
whole bottom surface of the hydrogel interacts with the mold 
(shown in the internal view). The total resistant force will be 
the sum of all the forces and moments on every single unit in 
the previous micro analysis. Moreover, when the hydrogel 
becomes larger without adding its thickness, it will deform 
more easily leading to an increased bending stress. In 
consequence, for the conventional demolding, when the 
contact area increases, the resistant force and bending stress 
would drastically increase and defects shown in Figure 2 
would appear.  

In contrast, the damage-free demolding is free from the 
scale effect. When peeled off from the hydrogel, the fiber has 

Page 3 of 19 AUTHOR SUBMITTED MANUSCRIPT - BF-102272.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



4 
 

only a local contact with the hydrogel (red circles in lower 
right part of Figure 3). Therefore, there is no significant 
difference for the stress condition in micro and macro 
situation. As a result, in macroscale, the damage-free 
demolding is better than conventional demolding even when 
the pattern is complex.  

In conclusion, the damage-free demolding is superior to 
the conventional method from both the micro and macro 
perspectives. 

2.2.2 Finite element analysis (FEA) of two demolding 
methods. To compare these two methods quantificationally, 
an FEA was conducted for simulation with the equivalent 
stress calculated. We want to investigate how the demolding 
stress change along with the increasing size of the hydrogel 
(or the increasing contact area) during these two processes. 
Figure 4Ai presents the models established to simulate the 
conventional demolding. On the left is a model in which a 
piece of hydrogel with one bulge is combined with a mold 
with one groove. It is regarded as a single unit with 
dimension shown in the diagram. Then, with its size going 
up, there would be more and more units in all directions. To 
simplify the problem, the model was only extended in the x 
direction and models with one, two, three, four, five and six 
units were adopted for further simulation. Figure 4Aii 
illustrates the change of stress during the conventional 
demolding process in different models (from single unit to 
six units). Except the curve of one unit which presents a 
comparatively stable trend, the other five curves show a 
similar tendency: they will ascend initially to the peak and 
then decline to zero in about 5s as a result of the hydrogel-
mold detachment. The point is that the peak value increases 
with the growing number of units. It indicates that, in the 
conventional way, the maximum equivalent stress will rise 
when the size of the model goes up. The two inserted stress 
nephograms represent the stress conditions of the models 
with one and six units respectively at a certain time point. 
(see movie S1 in supplementary materials for simulation 
animation). Similarly, the models with single and six units to 
simulate damage-free demolding is demonstrated in Figure 
4Bi. Their dimensions correspond to that of Figure 4Ai, but 
the difference is that the fibers were demolded in sequence. 
This resulted in a periodic stress variation and the peak 
values in each cycle were almost the same (Figure 4Bii). 
This is because every cycle stands for the demolding of a 
single fiber, which is independent of and similar to each other. 
Despite the increasing number of units, the maximum stress 
will always be at a constant level. In other words, the 
maximum equivalent stress will not increase too much with 
model sizing up. There are also two stress nephograms 
inserted, representing the stress conditions of the two models 
at a certain time point. (see movie S2 in supplementary 
materials for simulation animation). Figure 4D shows the 

totally different variation tendency of the maximum stress in 
the two methods. Initially, the maximum stress in the 
conventional way is already higher than that in the damage-
free one. This consists with the previous micro analysis. 
Then the former ascends dramatically with the number of 
units increasing while the latter keeps stable. Especially, in 
the model with six units, the maximum stress in the 
conventional way is 23 times of that in the damage-free way 
within an area of only 975 μm2. As mentioned before, it is 
normal for a demolding with a size of several square 
centimeters, which is over one million times of what we had 
here. In that case, the conventional demolding would have an 
incredibly higher stress than the damage-free way. 

Compared with existing means of diminishing demolding 
stress including adding release agent and surface treatment 
of molds,[51, 55] we proposed a novel solution by decreasing 
the contact area between the hydrogel and mold. Furthermore, 
those traditional ways may introduce chemical residues 
which are negative to biological application while ours will 
not have that problem. 

2.3 Micro/nano fabrication of hydrogels 

To construct micro/nano channels on hydrogels with 
controllable size and patterns, a series of experiments were 
conducted to study the effects of EHD 3D printing 
parameters and swelling on the channel size (Figure 5A-E), 
as well as the optimal printing condition to manufacture 
patterned fibers and channels (Figure 6).  

2.3.1 Effects of printing parameters and swelling on 
channel size. There are two printing modes used here 
including the melt EHD printing and solution EHD printing 
(Figure 5A). These two modes could print fibers in different 
diameter ranges by using different printing materials. The 
former could print microfibers (3-100μm) based on polymer 
melt. The latter could print nanofibers based on polymer 
solution and the finest fiber could be 500nm. Three critical 
fiber diameters were characterized using scanning electron 
microscope (SEM) containing 100μm, 3μm and 500nm 
(Figure 5Bi~Biii).  

After the fibers were peeled off from the hydrogel, the 
initial channels were formed (Figure 5C). Channels’ 
diameters equaled to the fibers’ as expected. Three critical 
channel diameters were also characterized using SEM 
containing 100μm, 3μm and 500nm (Figure 5Ci~Ciii). 
Material used here was 10% (w/v) gelatin methacrylamide 
(GelMA, EFL-GM-60). 

After the hydrogel chip with initial channels was prepared, 
it was seeded with cells and immersed into the culture 
medium. Naturally, swelling of hydrogel occurred and 
influenced the channel size. Figure 5D shows that, after 
about 6 h of immersion, diameters of three different channels 
increased by 8% (channel 1), 15% (channel 2) and 20% 
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(channel 3) respectively. Then, before 45h of immersion, 
they all continued to decrease to about 80% of the initial 
diameters. After 45 h of immersion, the channel diameters 
tended to be stable. The whole trend could be attributed to 
the nonuniform swelling of hydrogel, as the channels 
changed the geometry of the hydrogel. In summary, the 
swelling changed the channel size in varying degrees 
according to the channel diameter and the time for the 
channel to be stable was about 45 h. 

Based on Figure 5A-D, experiments were designed and 
carried out to evaluate all effects of processing parameters on 
fiber diameters and channel diameters after swelling (CDAS) 
(Figure 5E). The figure shows the fiber diameters and CDAS 
under different printing parameters including printing speed, 
air pressure, and nozzle-to-substrate-distance (NSD). NSD in 
Figure 5Ei and Eii is 1 and 2mm respectively. The results 
indicated that the fiber diameter increased with increasing air 
pressure, whereas it decreased with an increasing printing 
speed and NSD, because the higher air pressure increased the 
extrusion quantity, leading to a thicker fiber. Additionally, 
the fiber was stretched more sufficiently by the electrostatic 
force and became thinner with increasing printing speed and 
NSD. Finally, after swelling for over 2 days, the channel size 
had different degrees of shrinkage (diameter decreased by 1% 
- 20%) when the initial diameter ranged from 20 to 100μm. 
However, when the initial diameter was below 20μm, the 
final channel size didn’t change significantly. 

2.3.2 Fabrication of patterned channels. In addition, 
the ability to fabricate channels with complex structures is 
imperative for mimicking the microenvironment in vivo. 
Then the subsequent scaffolds or microfluidic chips 
accommodate the cells well and realize specific Cellular 
functionalization.[25] By adjusting the printing speed to 
match the extrusion rate, patterned fibers were printed and 
the patterned channels were obtained subsequently. Figure 6 
shows three types of patterned fiber and channel with 
gridding-like, wave-like and eight-like structures (see SEM 
images of these channels in Figure S4). 

2.4 Capillary effect of channels 

Interestingly, with the outstanding hydrophilicity of 
GelMA (Figure 7A) and the channel diameter downsizing to 
several or hundreds of micrometers, an obvious capillary 
effect was discovered in the channels. With this effect, the 
hydrogel bio-microfluidic chips could deliver liquid 
autonomously without any external power supply. Although 
there are many capillary microfluidic chips previously, they 
are normally made of materials like glass which has a bad 
hydrophilicity or silicon and PDMS which are both 
hydrophobic. As a result, surface treatment must be 
conducted to acquire a wettable surface in advance.[56] 
Whereas the hydrogel-based chips do not have this problem, 

the hydrophilicity of hydrogels is relatively good and the 
contact angle of GelMA used here is below 30° (Figure 7A). 
Along with the superfine channels, hydrogel-based chips can 
provide sufficient capillary pressure for autonomous liquid 
delivery. 

For further study of cell patterning, we need to seed cells 
inside the ultrafine channels. Normally, it is difficult to inject 
cell suspension into channels sized only a few or dozens of 
micrometers manually. The cell suspension will inevitably 
spill out on the whole surface of the chip inducing an 
uncontrollable cell density in channels and a waste of 
experimental materials. Therefore, a structure including an 
injection port (1mm in diameter) is designed (Figure 7B). 
We could easily inject cell suspension into the injection port 
with pipette. Then, with help of the capillary effect, cell 
suspension is drawn into the ultrafine channels rapidly with 
less leak; the cell density is more controllable by tuning the 
concentration of the cell suspension. 

A hydrogel chip was fabricated (Figure 7C) to verify the 
feasibility of the hypothesis in Figure 7B. Blue dye was 
injected into the injection port at first. Then it flowed into 
channels sized 70μm quickly, demonstrating the ability of the 
chips to deliver liquid autonomously (please see Movie S3 in 
the supplementary materials). Figure 7D presents the 
capability of the chip to transport cells in a channel sized 
150μm in a detailed view (please see Movie S4 in the 
supplementary materials). The process of delivering cells in 
channels sized 70μm can also be viewed in Movie S5. The 
delivery speed was extremely fast because of the higher flow 
rate in thinner channels. In other word, a controllable 
delivery speed could be achieved by tuning the diameter of 
channels, which needs a further study in the future. 

Figure 7E shows a biomimetic capillary-like channel 
network with bilateral gradient channels sized from 200 to 
30μm. This simulates some critical features found in real 
vascular systems, where the capillaries narrow for better 
waste and nutrient transport. The confluence of red and blue 
dye solutions in the network verifies the interconnection and 
good performance of the chip (please see Movie S6 in the 
supplementary materials). Significantly, this structure can be 
used for making functionalized vessel-on-a-chip with a high 
precision,[15, 18] which is vital for 3D cell culture, disease 
modeling and drug screening. 

2.5 Biocompatibility of the hydrogel bio-microfluidic 
chip 

To evaluate the biocompatibility of the hydrogel bio-
microfluidic chip, two types of cells including human skin 
fibroblasts (HSFBs) and human umbilical cord vein 
endothelial cells (HUVECs) were seeded into the channels 
sized 100 μm uniformly by the method mentioned above. 
The material used here was 10% GelMA with a Young’s 
modulus about 10Kpa. Figure 8A shows that both kinds of 
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cells adhered to the channels since day 1 and kept 
proliferating throughout the 7-day culture. The relative 
optical densities (OD) of samples was in a gradual rising 
trend indicating a normal proliferation rate (Figure 8B). 
Comparing these two types of cells, HUVECs had a higher 
proliferation rate. Cell viability was counted on days 1, 4 and 
7 showing high viabilities of >98% at different culture times 
for both cell types (Figure 8C). As a result, the chips based 
on GelMA had a good biocompatibility.  

Figure 8D shows the morphology and distribution of the 
two types of cells in the channels after the 7-day culture. Both 
types of cells didn’t grow out of the channels, though 
channels had been filled with cells. It indicated that the 
channels could restrict the cellular activity in a specific 
region and might even guide the growth of cells in particular 
orientation. The reason could be that the surface roughness 
in and out of the channels were different or the cells were just 
trapped in the channels due to the depth. 

2.6 Analysis of cell orientation  

To further verify the capability of channels to guide the 
cell growth in particular directions, quantitative research 
should be conducted to study the conditions that would make 
this phenomenon happen. The hypothesis was that reducing 
the channel size to a degree would force most cells to grow 
along the direction of the channel. As a result, the variable 
chosen here was channel diameter, ranging from 15-150μm 
(Figure 9A). In this experiment, HSFBs were chosen 
because of its slender morphology which was easier for 
recognizing its direction. Corresponding to Figure 9A, chips 
with channels sized 15, 30, 90 and 150μm were fabricated. 
Then, HSFBs were seeded into these channels and cultured 
for 7 days. Figure 9B shows a series of confocal images of 
the samples displaying different levels of cell orientation in 
different channels. With the channels downsizing, cell 
orientation became more obvious which verified the 
hypothesis. When the channels’ diameter reached 15μm (⁓ 
cell diameter), even single HSFB were restrained by the 
channel tightly as shown in Figure 9Biv. The alignment of 
the HSFBs in channels was further analyzed by quantifying 
the angles between single cells and the axis of channels 
(Figure 9C). An angle equal to 90° indicates perpendicularly 
alignment of the cells, while an angle of 0° represents a 
perfect alignment along the channel axis. Cells were 
considered aligned when the angle was below 20°. Increasing 
the channel diameter significantly decreased the degree of 
orientation from 100% ± 0 (15μm), 98% ± 2.8% (30μm), 71% 
± 8% (90μm) to 50% ± 11.7% (150μm) (P<0.001). As 
expected, channels sized 150μm exhibited an almost uniform 
distribution of the angles referred to unoriented cell growth. 
In contrast, alignment angles in channels sized 15μm were 
all below 10° indicating a highly oriented cell growth. In 
conclusion, the bio-microfluidic chips can be applied for cell 

orientation by tuning channel diameters on it. Accordingly, a 
cell-like patterned channel network was fabricated and 
seeded with HUVECs. Finally, the cells grew and filled this 
network forming a cell-like shape which proved the 
capability to guide cell orientation (Figure S5). Based on the 
facts above, we hypothesize that the underlying mechanism 
of the cell orientation and elongation is a combined effect of 
the geometric confinement and the cell response to the stress 
(mainly the compressive stress) from the external 
environment. Similar phenomenon about cell orientation 
have also been reported before and were investigated both 
theoretically and experimentally.[57-60] Peter et al.[57]  
pointed out that The mechanical stresses, including 
compression, frictional shear and tension, could alter the 
structural properties of cells to make them adapt to a 
sustained mechanical environment. Since the cells were 
tightly restricted by the sidewalls of the channels, they have 
to change their shape to balance the intracellular tension with 
the external stress. Furthermore, Jeremiah et al.[59] 
demonstrated that endothelial cells, under a pure 
compression, would realign perpendicular to the 
compressing direction. The compression can affect other 
parts of the cell like ion channels, focal adhesion, 
microtubules, cell membrane and might trigger the release of 
certain substances and signals influencing the cell orientation. 
A similar research conducted by Bonnie et al.,[60] which 
utilized microchannels to study cell shape and function, 
showed the elongation and orientation of endothelial cells 
with the channel width decreasing. It consists with our results 
and concludes that this phenomenon is not only a simple 
geometric confinement but also the reaction of the 
endothelial cells to the side walls and cell-cell signaling. The 
compression of the side walls initially induced the change of 
the cell shape and orientation. Our hypothesis could be 
validated preliminarily according to the researches above 
while a further experimental verification, which is beyond 
the scope of the present study, could be conducted in the 
future. This fantastic function has the potential for building 
neural network in vitro by guiding the growth of nerve 
cells.[61, 62] It also provides a powerful tool for studying 
mechanism of cell behaviors.[63] Furthermore, multi rows of 
channels with specific spacing can be used to form many 
kinds of tissues like skin and myocardial tissue.[21, 64, 65] 

3. Conclusions 

In summary, a strategy based on SUFM and then peeling 
off these fibers from hydrogels is proposed to fabricate 
hydrogel bio-microfluidic chips, which is called damage-free 
demolding. It exhibits an extraordinary performance 
compared with the conventional way according to the 
mechanical and FEA analysis, where the maximum 
equivalent stress of the conventional demolding was about 
23 times of that in the damage-free demolding within an area 
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of only 975 μm2. It is predictable that, with the growing size 
of the contact area, the difference between these two methods 
will become massive. Due to the high precision of the EHD 
printing and the damage-free demolding, micro/nano 
channels ranging from 500nm to 100μm can be 
manufactured on the fragile hydrogels. Patterned and 
biomimetic microstructures can also be made. Capillary 
effect discovered in the chips were fully used to deliver liquid 
and cells autonomously and cells could be seeded into those 
ultrafine channels evenly. Finally, a biological application 
for cell orientation was also realized on the chips by tuning 
diameters of single channel. We believe that the damage-free 
demolding presented here can improve the micro-molding 
technology greatly to fulfill the requirements of hydrogel-
based micro/nanofabrication. The hydrogel bio-microfluidic 
chip made here can provide a good platform for capillary 
microfluidics, organ-on-the-chip, cell pattern, tissue 
regeneration, etc. 

4. Experimental Section 

4.1 Materials preparation 

PCL (CAPA6800, Perstorp Ltd, Sweden) was used to 
fabricate the SUFMs by the method of melt EHD printing. 
Its molecular weight is 80,000g/mol and the melting 
temperature is 60℃. 

20% (w/v) PCL solution was used to fabricate the SUFMs 
by the method of solution EHD printing. It was prepared by 
dissolving PCL in glacial acetic acid (99.5%, Shanghai 
Macklin Biochemical Co., Ltd, Shang Hai, China).  

The hydrogel used here for casting is 10% (w/v) GelMA 
(Suzhou Intelligent Manufacturing Research Institute, 
Suzhou, China). It was prepared by dissolving GelMA (EFL-
GM-60) in MEM (Tangpu Biological Technology Co., Ltd., 
Hangzhou, China) containing 0.5% (w/v) lithium phenyl-2, 
4, 6- trimethylbenzoylphosphinate (LAP) for 3h. 

4.2 EHD 3D printing device and parameters 

A direct writing device (EFL-MDW5800, Suzhou 
Intelligent Manufacturing Research Institute, Suzhou, China) 
was used to deposit PCL for fabricating the sacrificial layers. 
The device consisted of motorized XYZ stages, a nozzle, two 
heaters to heat the PCL polymer, a high voltage generator 
and a pneumatic system to adjust the extrusion pressure. Two 
printing modes were implemented on this device, including 
melt EHD printing and solution EHD printing. For the former 
one, the temperature of the two heaters was set to 70 ℃ for 

the heater of nozzle (inner diameter 350μm) and 75 ℃ for 
the heater of syringe. Air pressure supplied to the polymer 
melt was 7.5, 15 and 25kPa. Additionally, the print speed was 
set from 20 to 100mm/min when nozzle-to-substrate-
distance (NSD) was 1mm with a voltage of 3.3kV. When 

NSD was 2mm, it was set from 500 to 2500mm/min with a 
voltage of 4.7kV. For the solution EHD printing, heaters 
were not required. The inner diameter of the nozzle was 
90μm. The printing speed was 4000mm/min with an NSD of 
0.5mm and voltage of 1.5kV. For printing fibers with 
complex patterns, the NSD was 1 mm with a printing speed 
from 5-20mm/min and an air pressure of 7.5kPa. 

4.3 Characterization of channels in the bio-
microfluidic chips 

To characterize the channels with different diameters, a 
SEM system was utilized which is described in section 4.5. 

To characterize different formations of microchannel 
networks, channels with straight, waved and eight-shaped 
structures were loaded with fluorescent microbead 
suspension (0.1% w/v); then, they were imaged by a confocal 
fluorescence microscope (OLYMPUS FV3000). 

Variation of channel diameter induced by swelling: To 
investigate the variation of channel diameter due to the 
swelling of hydrogel after immersing the chips in the culture 
medium, three types of hydrogel chips with channels in 
different sizes (300, 400 and 650μm) on them were made. 
The material used here was 10% (w/v) GelMA (EFL-GM-60) 
and the culture medium was the same as the one used in 
section 4.6 The channel sizes were measured at 0.5, 1.5, 2.5, 
4, 6, 8, 10, 12, 24, 46, 68h after the chips were put into culture 
medium at 37℃. 

4.4 Characterization of capillary effect 

The material used to fabricate the chips was 10% (w/v) 
GelMA (EFL-GM-60).  

To characterize the capillary effect, the channels were 
injected with red and blue dye (Kaiguilai Co., Ltd., Shanghai, 
China). The whole process was observed and recorded in real 
time using a digital camera (Nikon D810) with microlens 
(AF-S MICRO Nikkor 105mm 1:2.8G ED, Nikon).  

To characterize the transportation of cells in channels 
using the capillary effect, the channels were injected with the 
prepared cell suspension. The whole process was recorded in 
brightfield using an inverted optical microscope (OLYMPUS 
CKX41). 

4.5 Scanning Electron Microscopy Analysis 

In this study, an SEM system (SU-6600, Hitachi, Tokyo, 
Japan) was used for SEM analysis. A sputter coater (Ion 
Sputter E-1045, Hitachi, Tokyo, Japan) was used to coat 
samples with platinum before imaging.  

For samples without cells. To characterize the channels 
with different diameters, the samples were freeze dried at 
first. Then they were coated in the sputter coater and imaged 
in the SEM system. To observe the morphology of the fibers 
printed by EHD printing, samples were directly coated in the 
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sputter coater and then imaged in the SEM system. 
For samples with cells. Firstly, the samples were fixed 

with 4% paraformaldehyde (Solarbio Co., Ltd., Shanghai, 
China) for more than 4 h at room temperature. Then for 
dehydration, the samples were soaked in a series of ethanol 
solutions (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for 
30 min respectively. After that, the samples were critical-
point dried. Finally, they were coated with platinum and 
imaged in the SEM system. 

4.6 Cell culture and seeding cells into channels 

HUVECs and HSFBs were cultured in ECM (Qizhenhu 
Biological Technology Co., Ltd., HangZhou, China) with 10% 
fetal bovine serum (Qizhenhu Biological Technology Co., 
Ltd., HangZhou, China), 1% penicillin (100 units/mL), and 
streptomycin (100μg/mL) (Qizhenhu Biological Technology 
Co., Ltd., Hang Zhou, China) at 37℃  in 5% CO2. The 
culture medium was changed every two days. Both types of 
cells were passaged using trypsin-EDTA (Tangpu Biological 
Technology Co., Ltd., Hangzhou, China) dissociation, when 
they reached around 90% confluence. Culture flasks with 90% 
cell confluency were washed with phosphate-buffered saline 
(PBS) (Qizhenhu Biological Technology Co., Ltd., 
Hangzhou, China) and incubated with 0.25% trypsin-EDTA 
for 1-3 min at 37 ℃ in 5% CO2 to detach the culture flasks. 
After that, the cell suspension was centrifuged at 1000rpm 
for 5 min at room temperature and the supernatant was 
discarded. Finally, the cells were resuspended in the cell 
culture medium to a concentration of 10M cells mL-1. 

To seed those two kinds of cells into ultrafine channels 
with diameter below 100μm, injection ports with larger 
diameters were designed and set beside the ultrafine channels. 
First, the prepared cell suspension was loaded into the 
injection ports. Then, with the help of capillary effect, the 
cell suspension was driven into the ultrafine channels. After 
3 h of cell attachment, the whole pieces of cell-laden 
hydrogel chips were immersed in fresh culture medium and 
cultured statically with the medium changed every other day. 
Finally, they were cultured for several days before 
characterizations. 

4.7 Cell viability Analysis 

The cell viability was analyzed using a cell LIVE/DEAD 
assay. First, the cell-laden hydrogel chips were washed with 
PBS for 3 times before staining. Then, the samples were 
stained with LIVE/DEAD assay reagents (Key-GEN 
BioTECH Co., Ltd., Nanjing, China) according to the 
manufacturer’s instructions. Calcein AM and propidium 
iodide (PI) were diluted with PBS to a concentration of 2 and 
8 μM, respectively. After an incubation in the Calcein AM/PI 
mixture for 30 min in the dark, the samples were washed with 
PBS to remove residual reagents. Lastly, the cell-laden 

hydrogel chips were imaged by acquiring two images in each 
frame under a confocal fluorescence microscope 
(OLYMPUS FV3000). Red and green were for live and dead 
cells, respectively. 

4.8 Cell proliferation Analysis 

Cell proliferation was tested using a cell counting Kit-8 
(CCK-8; Dojindo Chemical Technology Co., Ltd., Shanghai, 
China). The cell-laden hydrogel chips were cultured in 
culture dishes separately for 1,4 and 7 days. First of all, the 
culture medium was removed, and the samples were moved 
to a 24-well plate. Then they were washed with PBS for three 
times. After that, a mixture of 1450μL of MEM and 50μL of 
CCK- 8 reagent was added to each well. Finally, after 3 hours 
of incubation, the solutions were transferred to a 96-well 
plate to measure the optical density (OD) values at a 
wavelength of 450nm. 

4.9 Cell morphology Analysis 

Morphologies of HUVECs and HSFBs were visualized by 
cell cytoskeleton staining which included F-actin and 
nucleus staining. Referring to the kit instructions, the F-actin 
and nucleus were stained using TRITC phalloidin (Yeasen 
Biological Technology Co., Ltd., Shanghai, China) and 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride 
(DAPI) staining solution (Yeasen Biological Technology Co., 
Ltd., Shanghai, China). First, the samples were washed in 
PBS and fixed with 4% paraformaldehyde for 30 min. After 
that, the samples were washed with PBS again and 
permeabilized with 0.5% Triton X-100 (Solarbio Co., Ltd., 
Shanghai, China) for 5 min. Subsequently, they were washed 
with PBS and stained with TRITC phalloidin (0.1μM) for 30 
min in the dark. Next, they were washed with PBS and 
stained with DAPI (10μg/mL) for 10 min in the dark. Finally, 
the samples were wash with PBS for the last time and imaged 
using a confocal fluorescence microscope (OLYMPUS 
FV3000).  

4.10 Simulations for FEA 

The ANSYS software (ANSYS Inc., USA) was employed 
to simulate the two demolding processes and a series of 
models with different units (from one to six) were established. 
The hyperelastic material model was used to simulate the 
hydrogel while both the fibers in damage-free demolding and 
the mold in conventional demolding were based on silicon 
material for controlling variables.  

4.11 Statistical analysis 

Data is presented as mean ± standard deviation of 
independent replicates. Statistical analysis is conducted 
using ANOVA, and statistical significance was determined 
at p < 0.05. 
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Figure 1. Fabrication of the hydrogel bio-microfluidic chip and the two applications. (A) Fabrication process: (i) 3D printed 

SUFM through EHD 3D printing. (ii) Casting and curing the hydrogel precursor. Curing methods: cooling, heating, crosslinking, 

etc., according to the materials. (iii) Obtaining the bio-microfluidic chip by peeling off the fibers on the hydrogel (damage-free 

demolding). (B) Sketch of two applications of the hydrogel bio-microfluidic chip. (i) Microfluidics with capillary effect which 

can deliver liquid and cells autonomously. (ii) Cell pattern: cells grow in a certain direction by tuning the channel diameter and 

can be patterned by predefined channels. 
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Figure 2. Preliminary comparison of damage-free demolding and the conventional one with respect to molds, demolding 

process and quality of demolding.  
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Figure 3. Mechanical analysis of two demolding processes including the micro and macro analysis of the conventional 

demolding and damage-free demolding. 
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Figure 4. (A) Finite element analysis of conventional demolding: (i) Illustration of simulation models (ii) Variation of stress 

during the demolding process in models with different sizes (from one unit to six units). (B) Finite element analysis of damage-

free demolding: (i) Illustration of simulation models (ii) Variation of stress during the demolding process in models with 

different sizes (from one unit to six units). (C) Maximum stress of the two methods changing with the number of units in the 

models.  
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Figure 5. Characterization of the fabrication process. (A) Sketch of two modes of EHD 3D printing for different ranges of fiber 

diameter from 500nm to 100μm, including melt EHD printing and solution EHD printing. (B) Range of the initial the fiber 

diameter: (i)~(iii) SEM images of fibers with diameters of 100μm, 3μm and 500nm. (C) Range of the initial channel diameter 

after demolding corresponding to the fiber diameter in (B). (i)~(iii) SEM images of channels with diameters of 100μm, 3μm 

and 500nm. (D) Diameter change of three channels in different sizes due to the swelling after immersion in the culture medium. 

(E) The effect of the printing parameters on the fiber diameter and channel diameter after swelling (CDAS). (i) NSD =1 mm 

for fiber diameters from 20-100μm. (ii) NSD =2 mm for fiber diameters from 3-20μm. (data is presented as mean value ± 

standard deviation of independent replicates) 
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Figure 6. Different patterned fibers and channels. (A)~(C) SEM images of different patterned fibers with gridding-like, wave-

like and eight-like structures. (D)~(F) Fluorescent images of different patterned channels corresponding to (A)~(C). 
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Figure 7. Capillary effect of the bio-microfluidic chip. (A) Hydrophilicity of GelMA. (B) Sketch of the transportation of cells 

in the bio-microfluidic chip using the capillary force. (C) Sequential images within 17 s of perfusions showing the fluid flow 

from the injection port to the channels. (D) Sequential images within 103ms showing the use of capillary effect to transport 

Page 17 of 19 AUTHOR SUBMITTED MANUSCRIPT - BF-102272.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



18 
 

cells. (E) Sequential images within 57s of perfusions showing the fluid flows through the entire capillary-like channel network. 

Red and blue dye solutions were dropped at two sides respectively, and merged in the center. 

 

 
Figure 8. Characterization of cell growth in the channels. (A) Confocal images of cytoskeleton staining of 100μm channels 

with HSFBs and HUVECs in it. (i)~(iii) Confocal images of HUVECs in the channel after 1, 2 and 7 days of static culture. 

(iv)~(vi) Confocal images of HSFBs in the channel after 1, 2 and 7 days of static culture. (B) Cell proliferation rate of HSFBs 

and HUVECs seeded in the channels. (data is presented as mean value ± standard deviation of independent replicates) (C) 

Viability of the HSFBs and HUVECs seeded in the channels. (data is presented as mean value ± standard deviation of 

independent replicates) (Di) SEM image of a 100μm channel with HUVECs in it after 7 days of culture. (Dii) SEM image of a 

100 μm channel with HSFBs in it after 7 days of culture. 
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Figure 9. Effect of the channel diameter on the cell orientation. (A) Sketch of different degrees of cell orientation in different 

channels with diameters of 15, 30, 90 and 150μm. (Bi)~(Biv) Representative confocal images of HSFBs in the channels with 

diameters of 15, 30, 90 and 150μm, showing varying degrees of cell orientation. Lower panels: partial enlarged images of the 

upper ones, showing the detailed cell alignment. (C) Quantification of the angle distribution of HSFBs in the four types of 

channels. Insets are confocal images of the oriented and highly oriented HSFBs (data is presented as mean value ± standard 

deviation of independent replicates). 
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