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Abstract
A flow microreactor with microchannels has been widely used for biocatalytic synthesis. For high throughput production, multiple 
microreactors are assembled into a single module to increase the number of microchannels available for biocatalytic synthesis. 
However, the assembled microreactors inevitably waste much their own space for the precise assembly (e.g. space for screw holes), 
indicating difficulty of drastic increase in density of microchannels. Increase in the microchannel density means increase in the per-
formance per unit volume of the microreactors. In this study, we propose a novel microreactor that has a great potential to increase 
in the microchannel density. Blood capillary network-like microchannels in polydimethylsiloxane (PDMS) matrix were created using 
sacrificial cotton candy microfibers. The mean residence time of the microreactor prepared using 150 ± 20 mg cotton candy (MR150) 
was about twice as long as that prepared using 20 ± 5 mg cotton candy (MR20). Moreover, productivity of biodiesel of MR150 was 
about three times higher than that of MR20. These results show that the density of microchannels and performance per unit vol-
ume of our microreactor can be improved only by increasing the amount of cotton candy enclosed in PDMS.
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1.  Introduction
Flow microreactors have contributed greatly to biotechnol-

ogy and biomedical research (Bolivar and Nidetzky, 2013). A 
microchannel reactor is one of flow microreactors and has 
been widely used for biocatalytic synthesis (Bolivar et al., 2017; 
Carvalho et al., 2017; Tamborini et al., 2018). The microchannels 
are created on a flat plate (Song et al., 2012; Stojkovič et al., 
2011). For high throughput production, multiple microreac-
tor plates are assembled into a single module to increase the 
number of microchannels available for biocatalytic synthesis 
(Thomsen and Nidetzky, 2009; Lawrence et al., 2013). However, 
the assembled microreactors inevitably waste much their own 
space for the precise assembly (e.g. space for screw holes), in-
dicating difficulty of drastic increase in density of microchan-
nels. Increase in the microchannel density means increase in 
the performance per unit volume of the microreactors.

The microchannel network with highest channel density 
is a blood capillary network (Borenstein et al., 2002). In the 
human body, the distance between capillary blood vessels 
of 10-20 µm in diameter is only 100-200 µm to supply suf-
ficient oxygen and nutrients to the cells (Carmeliet and Jain, 
2000). Many researchers have attempted to create artificial 
microchannel network that mimics the blood capillary net-
work (Takei et al., 2012; 2016; Wang et al., 2021). Bellan et 
al. reported blood capillary network-like microchannels in 
polydimethylsiloxane (PDMS) matrix created using sacrificial 
cotton candy (Bellan et al., 2009). This method has a great 
potential to increase in the microchannel density in PDMS 
matrix by increasing the amount of cotton candy enclosed in 

PDMS. To our best knowledge, the dense microchannel net-
work has not been applied to a microreactor. Hence, in this 
study, we examined a potential of the microchannel network 
as a microreactor. Specifically, we focused on verifying that 
the density of microchannels and the performance of the 
microreactor increased with increase in the amount of cotton 
candy enclosed in PDMS. Biocatalytic transesterification using 
lipase for biodiesel production was adopted as the test reac-
tion (Kawakami et al., 2011; Sakai et al., 2010).

2.  Materials and methods
2.1  Fabrication of microchannel reactor

Microchannel network were created in PDMS matrix ac-
cording to the procedure reported by Bellan et al. with minor 
modification (Bellan et al., 2009). Sucrose cotton candy (melt-
spun sugar microfiber) was made using a commercially avail-
able cotton candy machine. A wire (1 mm in diameter) was 
passed into a silicone tube (3 mm in outer diameter, 1 mm in 
inner diameter) and then wrapped with cotton candy (Figure 
1 (a)). Liquid dimethylsiloxane and polymerization initiator (Syl-
gard 184 silicone elastomer kit, Dow Corning Corp., Midland, 
MI, USA) were mixed in a 10:1 ratio by weight, and 15 ml of the 
monomer solution was poured into a plastic petri dish con-
taining cotton candy and left at about 100 Pa for 24 h at room 
temperature. The polymerization was then completed by leav-
ing at ambient pressure and 75 °C for 2 h. For the formation of 
the microchannels, after removing the wire from the silicone 
tube to create millimeter-sized channels, the PDMS was im-
mersed in a bath of water at 80 °C for 1 h to dissolve the cotton 
candy. Cotton candy used and cross-sections of PDMS after 
being immersed in hot water were observed using a scanning 
electron microscope (SEM, S-3000, Hitachi Ltd., Tokyo, Japan).
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2.2  Pulse input test
Distilled water was kept flowing in the microchannel net-

work at 1 µl/min using a syringe pump. Three microliter of an 
aqueous gardenia dye solution (10 mg/ml) was injected into 
the inlet of the microreactor. Every 1 min after the dye injec-
tion, 1 µl of sample was collected from the outlet. The sample (1 
µl) was diluted with distilled water (3 µl) and the absorbance at 
wavelength 533 nm was measured using a spectrophotometer 
(NanoDrop-8000, Thermo Fisher Scientific, Waltham, MA, USA).

2.3  Determination of amount of lipase adsorbed to PDMS 
surface

The sucrose was added to a stainless steel cylindrical con-
tainer (5 cm in diameter) and left at 200 °C for 1 h to melt. 
After melting, it was cooled down at room temperature to 
prepare solid sugar plate with a thickness of 10 mm on the 
bottom of the cylindrical container. Liquid dimethylsiloxane 
mixed with polymerization initiator was poured onto the 
sugar plate, and the monomer solution was solidified accord-
ing to the above-mentioned procedure. The interfacial area 
between the PDMS plate and the sucrose plate was 19.7 cm2. 
After removing the bottom plate of the cylindrical container, 
the sugar plate was completely removed by immersing the 
container in hot water several times. Five milliliter of Ca2+/
Mg2+-free phosphate-buffered saline (PBS(–), pH7.4) contain-
ing 8 mg/ml lipase (Lipase PS-SD from B. cepacian, Amano 
Enzyme Inc., Nagoya, Japan) was added on the PDMS surface 
that had been in contact with the sugar plate, and then gen-
tly shaken at 25 °C for 1 h. After removing the aqueous lipase 
solution, 5 ml of a fresh lipase solution was added and then 
gently shaken at 25 °C for 1 h. This process was repeated four 
more times. The lipase concentration of the solution after 1 
h of immersion was determined by the Bradford assay. The 
amount of lipase adsorbed on the PDMS surface after each 
immersion was calculated from the concentration. The total 
amount of lipase adsorbed after 6 times of immersion was 
calculated by adding up the amount at each immersion.

2.4  Productivity of biodiesel
Microreactors with different channel densities were fab-

ricated using 20 ± 5 mg or 150 ± 20 mg of cotton candy. 
An aqueous lipase solution (8 mg/ml) was kept flowing in 
the microchannel network at a flow rate of 14 µl/min for 12 
h at 25 °C to immobilize lipase on the channel surface by 
hydrophobic interaction. Ten milliliter of 1-butanol, which is 
miscible with water and rapeseed oil (Riken, Saka, Japan), was 
flowed into the channel at a flow rate of 0.1 ml/min so that 
a mixture of rapeseed oil/1-butanol/water could be flowed. 
The mixture of rapeseed oil/1-butanol/water with a molar ra-
tio of rapeseed oil to 1-butanol of 1:3 and a water concentra-
tion of 1wt% was fed into the microchannel at a flow rate of 
5.9 µl/min for 30 min at 25 °C (Kawakami et al., 2011; Sakai et 

al., 2010). The concentration of C18 butyl ester was measured 
using a gas chromatograph (Clarus500, PerkinElmer Co., Ltd., 
Waltham, MA, USA). A calibration curve for n-butyl esters was 
obtained from butyl oleate.

2.5  Statistical analysis
Data are presented as mean ± deviation. Statistic differ-

ences between two groups were determined using a two-
tailed Student’s t-test.

3.  Results and discussion
This research used cotton candy microfibers as a template 

of blood capillary network-like microchannels. The diameter of 
the microfibers was 33 + 31 µm (n = 100) (Figure 1 (b)). Many 
branches were observed in the microfibers. This suggests that 
microchannel network with many branches can be created 
using the microfibers. The cross-section of PDMS without cot-
ton candy had a smooth surface (Figure 1 (c)). On the other 
hand, numerous microchannels with a diameter of 26 ± 35 
µm were observed in the cross-section of PDMS containing 
cotton candy after immersion in hot water. The diameter 
shows that the microchannels were formed by dissolving cot-
ton candy in hot water, as reported by Bellan et al (2009).

Next, two types of microreactors with different microchannel 
densities were prepared using 20 ± 5 mg (MR20) or 150 ± 20 mg 
cotton candy (MR150). The theoretical microchannel volume 
and volume ratio of microchannel to microreactor are shown 
in Table 1. In order to visualize the microchannels, India ink was 
flowed from the inlet into the channel at a flow rate of 20 µl/
min (Figure 1 (d)). We confirmed that the ink passed through the 
microchannel and eventually came out through the outlet.

Mean residence time of both microreactors was deter-
mined by pulse input test. A small amount of aqueous dye 
solution was injected into the inlet of the microreactor while 
keeping water flowing at a flow rate of 1 µl/min. Figure 2 
shows the relationship between the absorbance of sample 
obtained at the outlet and the time after the dye injection. 
The mean residence time of MR150 determined by integrat-
ing the data in Figure 2 was about twice as long as that of 
MR20 (n = 3, Table 1). These results indicate that the mean 
residence time can be increased by increasing the amount of 
cotton candy enclosed in PDMS.

Although the theoretical microchannel volume of MR150 
was about seven times larger than that of MR20, the increase in 
the mean residence time of MR150 over MR20 was only about 
twofold. As mentioned above, the channel network should 
have numerous branches. The branches allow water to flow 
along the shortest route where the pressure drop is the lowest. 
This should be the reason why the mean residence time was 
not proportional to the theoretical microchannel volume.

Next, a biocatalytic reaction for biodiesel production was 
adopted to compare the performance of both microreactors. 



149科学・技術研究　第 10 巻 2号　2021 年

T. Shibata et al.: Novel �ow microreactor with blood capillary network-like microchannels

Based on the fact that PDMS has hydrophobic nature, lipase 
was immobilized onto the microchannel surface by physical 
adsorption through hydrophobic interaction (Kim et al., 2006). 
Because it was extremely difficult to directly determine the 
amount of lipase adsorbed onto the microchannel surface, 
we examined the amount in another approach described 
in “Determination of amount of lipase adsorbed to PDMS 
surface” section. The examination shows that the amount 
reached steady value within 6 times of immersion of PDMS 
surface in an aqueous lipase solution and the steady amount 
was 76 ± 10 µg/cm2-PDMS (n = 3). The microchannel surface 
would have the same amount of lipase. A mixture of rape-
seed oil/1-butanol/water was flowed into the microchannels 

for biodiesel production. The very low concentration of water 
(1 wt%) in the mixture indicates the negligible amount of 
lipase desorbed from the channel surface (Sakai et al., 2010). 
Figure 3 shows the concentration of butyl oleate (biodiesel) 
in the sample collected from the outlet after 30 min of perfu-
sion of the mixture (n = 5). The butyl oleate concentration 
of MR150 was about three times higher than that of MR20. 
These results show that the performance per unit volume 

Figure 1: (a) Procedure for creation of blood capillary network-like microchannels in PDMS matrix using cotton candy; 
(b) SEM image of cotton candy microfibers. Arrows show branch points; (c) SEM image of cross-sections of PDMS 
without cotton candy and PDMS with cotton candy after immersion in hot water. Arrow heads show cross-sections 
of microchannels; (d) Progressive perfusion of India ink throughout the microchannel network and magnified image

Table 1: Characteristics of microreactors in this study

MR20 MR150

Weight of cotton candy used (mg) 20 ± 5 150 ± 20

Theoretical microchannel volume 
(µl) a 9 – 16 81 – 107

Theoretical volume ratio of micro-
channel to microreactor (%) b 0.6 – 1.1 5.4 – 7.1

Mean residence time at a flow rate 
of 1 µl/min (min)

5.9 ± 1.0 c 10.3 ± 0.5

Notes: a The volume was calculated based on density of sucrose 
(1.59 g/cm3). b The volume was calculated by dividing theoretical 
channel volume by PDMS volume (15 ml) (≈ microreactor vol-
ume). c p < 0.01 v.s. MR150.

Figure 2: Relationship between the absorbance of sample ob-
tained at the outlets of microreactors and the time after the 
dye injection into the inlets
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of our microreactor can be improved only by increasing the 
amount of cotton candy enclosed in PDMS.

In Figure 2, the mean residence time of MR150 was about 
two times larger than that of MR20, but the biodiesel produc-
tion capacity of MR150 was about three times higher than 
that of MR20. This would be due to the fact that the flow rate 
was increased from 1 µl/min (for determination of the mean 
residence time) to 5.9 µl/min (for biodiesel production). The 
increase in the flow rate (applied pressure) would enable the 
liquid to flow into the microchannels that had not been per-
fused when the mean residence time had been determined. 
This indicates that increased flow rate (applied pressure) 
would be effective to improve use efficacy of microchannels.

4.  Conclusion
We focused on verifying that the density of microchannels and 

the performance of our microreactor increased with increase in 
the amount of cotton candy enclosed in PDMS. The mean resi-
dence time of MR150 was about twice as long as that of MR20. 
Moreover, productivity of biodiesel of MR150 was about three 
times higher than that of MR20. These results suggest that dras-
tic increase in the performance of the microreactor would be 
achieved by increase in the amount of cotton candy used.
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Figure 3: Productivity of biodiesel of microreactors
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