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Abstract: An enzyme-loaded disk-shaped cartridge was fabricated using CO2-assisted polymer
compression (CAPC), which is a polymer-bonding method that does not use heat. In this process,
after the enzyme was loaded onto mesoporous silica, it was placed in a container fabricated from
laminated fibrous sheets using CAPC. Subsequently, the lid and container were bonded via CAPC.
Verification using the reductive decomposition reaction of an azo dye (methyl red) showed that the
enzyme was not deactivated and that a reaction cartridge was created successfully.
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1. Introduction

Enzymatic reactions, being used in pharmaceutical manufacturing and food industries,
are indispensable in our daily lives [1,2]. However, enzymatic reactions require enzyme
removal after the completion of the reaction and, to avoid this, the enzyme had to be
supported or immobilized on a carrier. Various methods of immobilization have been
proposed, including the use of polymers [3], cellulose [4], silica [5], ceramics [6], metal–
organic frameworks [7] and carbon nanotubes [8]. One way to facilitate enzyme handling
is to create a cartridge that confines the enzyme. The enzyme-loaded cartridge requires
a low temperature during its fabrication to reduce enzyme deactivation. Additionally,
considering the future development of applications of enzyme-loaded cartridges in food
and pharmaceuticals, it is desirable to create cartridges only with safe substances approved
as food additives. The use of CO2 during cartridge fabrication is one of the solutions [9].

The CO2-assisted polymer compression (CAPC) method, in which fibrous sheets
are bonded using CO2 at room temperature to fabricate porous materials, is a polymer
processing method that satisfies both conditions [10]. In the CAPC method, enzymes are
placed in the fibrous sheets and are pressed in the presence of CO2, which is expected
to encapsulate the enzymes in the sheets. Because the process is performed at room
temperature, it is expected to cause little damage to the enzyme. However, to properly
encapsulate the enzyme, the size of the enzyme must be smaller than the mesh of the
fiber after the crimping process, and many enzymes do not fulfill this condition. This can
be easily deduced from the fact that the pore size using the CAPC method is ~1 µm in
previous studies [11].

Therefore, this study considered encapsulating the enzyme in a fibrous sheet after
loading it onto mesoporous silica. The loading of enzymes onto mesoporous silica has
been reported previously [12,13]. The disk-shaped reaction cartridge was fabricated by
compressing the nonwoven fabric to reduce the mesh size and then encapsulating the
mesoporous silica with the fabric. This multistep CAPC encapsulation is an application of
the concept of multilayer-filter fabrication [14]. In Figure 1, azo reductase (AzoR) is used as
a model enzyme, and the decomposition reaction of the azo dye is demonstrated.
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Figure 1. Reaction scheme of methyl red degradation to 4-(N,N-dimethylamino)aniline and an-
thranilic acid using azo reductase (AzoR). AzoR requires reduced nicotinamide adenine dinucleo-
tide (NADH) as a coenzyme. 

2. Materials and Methods 
Polyethylene terephthalate pellets (model number: TK3) were supplied by Bell Poly-

ester Products, Inc. (Houfu, Japan). A nonwoven fabric made of polyethylene tereph-
thalate with an average fiber diameter of 4 μm and a basis weight of 30 g/m2 was manu-
factured by Nippon Nozzle Co. (Kobe, Japan) using the melt blowing method. The 
nonwoven fabric was cut into a circle (outer diameter: 31 mm) and a donut (outer diame-
ter: 31 mm; inner diameter: 18 mm) using a laser-processing machine. CO2 (>99.995% pu-
rity, Nippon Ekitan Co., Minato-ku, Japan) was used for CAPC treatment. 

The procedure of CAPC treatment is presented in Figure 2. The stacked raw nonwo-
ven fabrics were set in a high-pressure vessel (inner diameter: 32 mm), and the vessel was 
placed below a piston. The piston was lowered to the CO2 introduction position (1.2 mm 
for the 1st and 2nd CAPC and 2.4 mm for the 3rd CAPC). At this state, the V2 valve was 
closed, then the V1 valve was opened, and gaseous CO2 was introduced at a vapor pres-
sure of 6 MPa. The CO2 was introduced while retaining the air that was initially in the 
high-pressure vessel. Then, the piston was lowered to the press position (0.7 mm for the 
1st and 2nd CAPC and 1.8 mm for the 3rd CAPC) and stopped at the press position for a 
certain period. Then, the V3 valve was opened, and the CO2 was slowly evacuated over 30 
s, and the V2 valve was opened to release the remaining CO2 into the atmosphere at once. 
The piston was then raised, and the CAPC product was taken out. The time for stopping 
the piston at the press position was 4 s for the 1st CAPC treatment to create the lid, 4 s for 
the 2nd CAPC to create the container and 20 s for the 3rd CAPC to join the lid and con-
tainer. The process was performed at room temperature (22 °C) and the high-pressure 
vessel and piston were not heated during the process. 

Figure 1. Reaction scheme of methyl red degradation to 4-(N,N-dimethylamino)aniline and an-
thranilic acid using azo reductase (AzoR). AzoR requires reduced nicotinamide adenine dinucleotide
(NADH) as a coenzyme.

2. Materials and Methods

Polyethylene terephthalate pellets (model number: TK3) were supplied by Bell
Polyester Products, Inc. (Houfu, Japan). A nonwoven fabric made of polyethylene tereph-
thalate with an average fiber diameter of 4 µm and a basis weight of 30 g/m2 was manufac-
tured by Nippon Nozzle Co. (Kobe, Japan) using the melt blowing method. The nonwoven
fabric was cut into a circle (outer diameter: 31 mm) and a donut (outer diameter: 31 mm;
inner diameter: 18 mm) using a laser-processing machine. CO2 (>99.995% purity, Nippon
Ekitan Co., Minato-ku, Japan) was used for CAPC treatment.

The procedure of CAPC treatment is presented in Figure 2. The stacked raw nonwoven
fabrics were set in a high-pressure vessel (inner diameter: 32 mm), and the vessel was
placed below a piston. The piston was lowered to the CO2 introduction position (1.2 mm
for the 1st and 2nd CAPC and 2.4 mm for the 3rd CAPC). At this state, the V2 valve
was closed, then the V1 valve was opened, and gaseous CO2 was introduced at a vapor
pressure of 6 MPa. The CO2 was introduced while retaining the air that was initially in
the high-pressure vessel. Then, the piston was lowered to the press position (0.7 mm for
the 1st and 2nd CAPC and 1.8 mm for the 3rd CAPC) and stopped at the press position
for a certain period. Then, the V3 valve was opened, and the CO2 was slowly evacuated
over 30 s, and the V2 valve was opened to release the remaining CO2 into the atmosphere
at once. The piston was then raised, and the CAPC product was taken out. The time for
stopping the piston at the press position was 4 s for the 1st CAPC treatment to create the lid,
4 s for the 2nd CAPC to create the container and 20 s for the 3rd CAPC to join the lid and
container. The process was performed at room temperature (22 ◦C) and the high-pressure
vessel and piston were not heated during the process.

In the 1st CAPC treatment, 20 sheets of nonwoven fabric with a diameter of 31 mm
were placed in a high-pressure vessel (Figure 2A) and compressed with an 18 mm recess
(depth = 0.5 mm) at the tip of the piston to produce a disk with a slightly raised center
(Figure 2B). This will become the lid of the container.

In the 2nd CAPC treatment, a combination of 20 sheets of nonwoven fabric with
diameter 31 mm and 20 donut-shaped sheets of nonwoven fabric with diameter 31 mm and
holes of diameter 18 mm were placed in a high-pressure vessel (Figure 2C) and compressed
with a piston head with 18 mm protrusion (height = 1.5 mm). A disk with a concave center
was formed (Figure 2D). This part will become the body of the container.

The enzyme-loaded mesoporous silica is placed in the container body using a spatula
and was flattened (Figure 2E) and then the lid and container with the silica were placed in
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the high-pressure vessel (Figure 2F). The 3rd CAPC treatment was conducted to fabricate a
disk cartridge containing the enzyme-loaded mesoporous silica (Figure 2G).
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Figure 2. Fabrication of an enzyme-loaded disk-shaped cartridge. V1 = introduction valve;
V2 = exhaust valve; V3 = exhaust valve; V4 = metering valve; and MS = enzyme-loaded meso-
porous silica. A, C, F = introduction into high-pressure vessel; B, D, G = removal from high-pressure
vessel; and E = placement of mesoporous silica in container.

As a model reaction system, the decomposition of methyl red using AzoR was selected
because the reaction progress can be verified by the color change (Figure 1). AzoR from
Escherichia coli was overexpressed using BL21 Star E. coli cells (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and purified [15]. AzoR-loaded mesoporous silica was prepared by the
following procedure. First, 100 mg of SBA-15 mesoporous silica (pore size = 4 nm, Sigma-
Aldrich Japan, Meguro-ku, Japan) was measured in 5 mL tube and 4 mL of 0.25 mg/mL
AzoR prepared using 25 mM Tris-HCl buffer (pH 7.5, Nippon Gene Co., Ltd., Chiyoda-ku,
Japan) was added. The mixture was gently mixed using a rotator (4 ◦C, 17 h). Then,
the mixture was centrifuged (12,000 rpm, 4 ◦C, 10 min) to remove the supernatant. The
residue left after the removal of supernatant was washed by adding 4 mL of 25 mM
Tris-HCl buffer (pH 7.5) and then the AzoR-loaded mesoporous silica was resuspended.
Washing (described above) was performed again, and AzoR-loaded mesoporous silica was
obtained by suction filtration using filter paper (4 µm) and drying at 30 ◦C for 1 h using a
thermostatic bath.

Disk cartridges encapsulating AzoR-loaded mesoporous silica were prepared accord-
ing to the method shown in Figure 2. The prepared enzyme-loaded cartridges were set in a
holder and evaluated to see if the enzyme cartridges could be prepared with the activity to
perform the reduction and decomposition reaction of azo dye (methyl red, FUJIFILM Wako
Pure Chemical Corp., Osaka, Japan) using AzoR. The enzyme-loaded cartridge was set in a
holder in an incubator (MIR-154; SANYO Electric Co., Ltd., Osaka, Japan) maintained at
30 ◦C (Figure 3), and the enzyme reaction was evaluated by pumping the reaction substrate
solution (0.05 mM methyl red, 25 mM Tris-HCl buffer (pH 7.5), 0.3 mM reduced nicoti-
namide adenine dinucleotide (NADH, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)
and 1 µM flavin mononucleotide (FMN, Sigma-Aldrich Japan, Meguro-ku, Japan)) using a
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microsyringe pump (Nexus 3000; Chemyx Inc., Stafford, TX, USA). The decolourization
rate of methyl red was evaluated by measuring the absorbance of the decreased methyl
red at 430 nm using the spectrophotometer (SpectraMax M2e, Molecular Devices, LLC.,
San Jose, CA, USA). The amount of enzyme-loaded mesoporous silica contained in the
disk-shaped cartridge is 36 mg. A disk cartridge encapsulating mesoporous silica without
AzoR was used for comparative evaluation. The amount of mesoporous silica contained in
the disk-shaped cartridge is 23 mg. The pumped liquid flow rates are 0.1 mL/min (1 mL
collected in 10 min) for 1–6 mL and 0.0333 mL/min (1 mL collected in 30 min) for 7–15 mL
of feed volume.
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Figure 3. Setup of the enzyme reaction evaluation system. A = disk-shaped cartridge; B = sample
holder; C = sample holder; D = gaskets; E = O-ring; F = syringe; and G = sample collector.

An RH-2000 (Hirox Co., Ltd., Suginami-ku, Japan) optical microscope was used for
cross-section imaging, and a TM-1000 scanning electron microscope (Hitachi High-Tech
Co., Minato-ku, Japan) was used to observe the sample surfaces.

3. Results and Discussion

Figure 4 shows scanning electron microscopy images. The raw nonwoven fabric had
large holes between fibers (Figure 4a). Even the enzyme-loaded mesoporous silica could
not be retained in the nonwoven fabric. However, in the container fabricated using 2nd
CAPC treatment, the fibers were dense, and the holes were small (Figure 4b). Fabricating
the container with a sufficiently small pore size is necessary to prevent the mesoporous
silica (Figure 4c) from spilling out.

In order to confirm that the mesoporous silica is encapsulated, the results of a CAPC
product using mesoporous silica colored with methylene blue are shown in Figure 5.
Figure 5 shows a cross section cut with scissors and photographed with an optical micro-
scope. The blue band is the layer of mesoporous silica encapsulated in the material. Since
the mesoporous silica is encapsulated as a powder, blue dots can be seen on the upper and
lower layers, which are the powder scattered during the cutting process. This observation
shows that the mesoporous silica is confined in a band shape.
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Figure 5. Results of optical microscope observations. A sample was prepared using blue-colored
SBA-15 mesoporous silica, and cross section cut with scissors was observed.

Figure 6 shows the evaluation results of the enzymatic reaction. Though the decol-
orization reaction did not proceed in the cartridge loaded with mesoporous silica without
enzymes, the reductive degradation (decolorization) of methyl red was observed when the
disk cartridge encapsulating AzoR-loaded mesoporous silica was used. The decolorization
rate varied with the pumping rate (residence time). From these results, it was clear that
the enzyme was trapped in the cartridge with its activity maintained. Furthermore, the
enzyme was not deactivated via CAPC treatment, indicating that the enzyme-loaded disk
cartridge was successfully created through CAPC. This unique flow reactor system based
on the CAPC technique enables the efficient continuous decomposition reaction of azo dye
and effective regulation of enzymatic activity by means of accurate control of the flow rate,
leading the resolution of important issues such as continuous and scale-up operations in a
batch-wise experiment [16].

The enzyme could be loaded without deactivation because the CAPC is performed
at room temperature without applying any heat. Although high-pressure CO2 was used
during fabrication, the enzymes were not destroyed in the high-pressure condition under
isotropic pressure. This is evident from the fact that the enzymatic reaction occurred in
supercritical CO2 at high pressures [17].
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4. Conclusions

This study successfully produced a disk-shaped cartridge carrying an enzyme using
the CAPC method. The cartridge was fabricated by applying the CAPC treatment three
times. The nonwoven sheets were stacked and compressed to fabricate a lid with the 1st
CAPC and a container with the 2nd CAPC. Then, enzyme-loaded mesoporous silica was
placed in the container and covered with the lid and 3rd CAPC treatment was performed
to obtain the enzyme-loaded cartridge. When AzoR was selected as the enzyme for the
demonstration of activity and experiment was conducted, the decolorization reaction of
methyl red proceeded, showing that the enzyme was not deactivated using high-pressure
CO2 and the disk-shaped reaction cartridge could be prepared successfully.

The success of the method was verified in an experiment in which the flow rate
was extremely low. However, scaling up this method for use in the food industry is a
challenge. The thin and small cartridge seems suitable for pretreatment for tests such as
blood diagnosis. In this research, we only fabricated a disk-shaped cartridge in which the
enzyme was supported using the CAPC method and demonstrated that enzyme reactions
could be performed. Optimization according to the application of the cartridge will be
considered in future research.
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analysis, T.A. and S.-i.M.; writing—original draft preparation, T.A.; writing—review and editing,
S.-i.M. All authors have read and agreed to the published version of the manuscript.
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Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.
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