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Abstract: Microwave applications, such as microwave ovens and mobile phones, are ubiquitous
and indispensable in modern society. As the utilization of microwave technology is becoming
more widespread, the effects of microwaves on living organisms and physiological processes have
received increased attention. This study aimed to investigate the effects of microwaves on calcium
carbonate biomineralization as a model biochemical process. A magnetron oscillator was used to
generate 2450 MHz microwaves because magnetrons are relatively inexpensive and widespread. We
conducted transmission electron microscopy (TEM), atomic force microscopy (AFM), TEM-electron
energy-loss spectroscopy (EELS), dynamic light scattering (DLS), and high-performance liquid
chromatography (HPLC) measurements to analyze the calcium carbonate precipitates. Our findings
showed the formation of string-like precipitates of calcium carbonate upon microwave irradiation
from one direction, similar to those obtained using a semiconductor oscillator, as reported previously.
This implied that the distribution of the frequency had little effect on the morphology. Furthermore,
spherical precipitates were obtained upon microwave irradiation from two directions, indicating that
the morphology could be controlled by varying the direction of microwave irradiation. Magnetrons
are versatile and also used in large-scale production; thus, this method has potential in medical and
industrial applications.
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1. Introduction

Microwave (MW) applications such as MW ovens and mobile phones are ubiquitous
and indispensable in modern society. In the field of chemistry, MWs are used to synthesize
inorganic compounds [1-4] as well as organic compounds [5-11] including peptides [12,13].
With the increasingly widespread utilization of the MW technology, the effects of MWs on
living organisms and physiological processes are receiving increasing attention. Although
the effects of MWs on physiological functions have been studied in the field of life science,
the elucidation of the detailed mechanism of the MW effects is only at a nascent stage. For
example, the effects of MWs on biomineralization were investigated for hydroxyapatite
mineralization on the surface of polydopamine nanospheres without biomolecules, and it
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was reported that the formation of the precipitates was promoted by MWs [14]. Physiological
functions are generally regulated through complex interactions between biomolecules such
as peptides and proteins. Thus, detailed analyses of the behavior of these biomolecules
under MW irradiation are needed. This study aimed to investigate calcium carbonate
(CaCO3) biomineralization—a process by which crustacean exoskeletons are formed—as a
model biochemical process [15-25]. We recently reported the effect of MWs generated by
a semiconductor oscillator that outputted a narrow frequency band of 2450 &+ 3 MHz on
CaCO3 mineralization using peptides with different net charges. Our results showed that
the nanomorphology of the CaCOj3 precipitates was dependent on the MW output (10-60 W)
and the ability of the peptide to induce CaCOj; precipitation [26]. Investigating the effects of
MWs on the CaCOj3; mineralization with peptides enabled the elucidation of the molecular
behavior of organic and inorganic compounds. In this study, we used a magnetron oscillator
with a wider frequency band of 2450 £ 50 MHz, which is often used in daily life, and
determined whether a similar morphological change occurred. Additionally, we analyzed
the correlation between the irradiation conditions, such as the irradiation direction of the
MWs (10-200 W) and electric field (E-field) strength, and the morphology, particle size, and
peptide consumption rate upon mineralization. Our results revealed that the morphology
could be controlled by varying the direction of MW irradiation. Although the frequency
and output of the MWs generated by a magnetron are not as stable as those generated by a
semiconductor oscillator, magnetrons are relatively inexpensive and are used in large-scale
production. Thus, this method holds potential for medical and industrial applications.

2. Materials and Methods
2.1. Materials

All chemicals and solvents were of a reagent or HPLC grade and used without fur-
ther purification. Amino acid monomers N-«-Fmoc-L-aspartic acid 3-t-butyl ester (Fmoc-
Asp(OtBu)-OH), N-a-Fmoc-L-glutamic acid y-t-butyl ester (Fmoc-Glu(OtBu)-OH), and N-o-
Fmoc-O-t-butyl-L-serine (Fmoc-Ser(tBu)-OH) were used. The amino acids, Wang resin, N,N'-
diisopropylcarbodiimide (DIPCI), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), 1-hydroxy benzotriazole monohydrate (HOBt), N,N- di-
isopropylethylamine (DIEA), trifluoroacetic acid (TFA), and piperidine were purchased
from Watanabe Chemical Industries, Ltd. (Watanabe, Hiroshima, Japan). N,N-Dimethyl-4-
aminopyridine (DMAP) was purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo,
Japan). N-Methylpyrrolidone (NMP), triisopropylsilane, thioanisole, and diethyl ether were
purchased from FUJIFILM Wako Pure Chemical Corporation (Wako, Osaka, Japan).

2.2. Peptide Synthesis

The peptide was manually synthesized. In order to obtain the peptide with a C-
terminal carboxy group, Wang resin was used as a solid support, and coupling of the amino
acid (10 eq.) was performed using DIPCI (5 eq.) and DMAP (0.1 eq.) for the first residue.
For the subsequent residues, coupling of the amino acid (4 eq.) was performed using
HBTU (4 eq.) and HOBt (4 eq.) in the presence of DIEA (8 eq.) by the Fmoc solid-phase
synthesis method [27]. The deprotection of the Fmoc group was performed with 25%
piperidine and 1% HOBt in NMP to prevent the formation of aspartimide. The obtained
peptidyl resins were washed five times with chloroform and dried in vacuo. Cleavage
of the synthesized peptide from the resin and removal of the protecting groups in the
side chain were conducted by treatment with TFA /H,O/triisopropylsilane/thioanisole
(50/1/1/1,v/v) for 1 h. The peptide was precipitated by adding cold diethyl ether, collected
by centrifugation, and dried in vacuo. Crude peptides were purified by reversed-phase
high-performance liquid chromatography (RP-HPLC). RP-HPLC was conducted on a
GL7410 HPLC system (GL Sciences Inc., Tokyo, Japan) with an Inertsil ODS-3 column
(10 x 250 mm; GL Sciences) for preparative purification using a 0.1% TFA /Milli-Q water
solution (A solution) and 0.08% TFA /acetonitrile solution (B solution). The elution was
conducted using a linear gradient from 0% to 30% of the B solution over 30 min at a
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flow rate of 3.0 mL/min. The purified peptide was characterized by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) using an
Autoflex III (Bruker Daltonics Inc., Billerrica, MA, USA) mass spectrometer: m/z 1012.8
(IM+H]" calcd. 1012.8). The peptide was dissolved in Milli-Q water at a concentration
of ~1 mM, and peptide concentration was determined by an amino acid analysis. The
amino acid analysis was performed with an Inertsil ODS-2 column (4.6 x 200 mm; GL
Sciences) after hydrolyzing the peptide in 6 M HCl at 110 °C for 24 h, followed by labeling
with phenylisothiocyanate.

2.3. MW Irradiation Equipment

The MW irradiation equipment using a magnetron oscillator was manufactured as a
medical apparatus by Minato Medical Science Co., Ltd., Osaka, Japan. The MW output was
10-200 W (10 W steps), and the frequency was 2450 & 50 MHz. The power was output to an
AC transformer-type system, and a patch antenna (linearly polarized wave) with a voltage
standing-wave ratio (VSWR) of < 1.4 was used. The MW generator was connected with
a coaxial waveguide converter, and the MW power loss was corrected in advance. MW
irradiation was performed as follows: (1) the MW irradiation for 80 min, (2) termination
of MW irradiation and subsequent incubation for 20 min at room temperature, and (3)
MW irradiation for 80 min. MW irradiation from two directions was performed alternately
using two patch antennas at intervals of 8 ms with a phase difference of 180°.

2.4. Measurements of E-Fields’” Strength

The E-fields generated by MW irradiating equipment were monitored with a controller
(C3-1055, Seikoh Giken Co., Ltd., Matsudo, Japan) and a sensor head (6 x 6 x 23 mm,
(CS5-1403, Seikoh Giken Co., Ltd., Matsudo, Japan). The E-field strength [dBuV/m] was
calculated using the following formula:

E [dBuV/m] = P [dBm] + AF [dB/m] + 107
Here, P is the controller output [dBm], and AF is the antenna factor [dB/m].

2.5. Measurements of Sample Temperature

A thermocouple thermometer (Card Logger MR5300, MR9302, CHINO Corp., Tokyo,
Japan) was used to measure the temperature changes in Milli-Q water (1 mL) in a microtube
upon MW irradiation from one direction at 10, 30, and 200 W or from two directions at
10 and 200 W. In the previous study, we already confirmed that the effect of MWs on the
thermometer was negligible [26].

2.6. CaCO3 Mineralization in the Presence and Absence of MW Irradiation

Prior to CaCO3 mineralization, 0.5 mmol of CaCO3; was suspended in 30 mL of Milli-Q
water. CO, was bubbled into the suspension for 1 h and then the residual solid CaCOj3
was filtered off. The Ca®* concentration in the Ca(HCO3), solution was determined by
titration using ethylenediaminetetraacetate. The concentration of Ca(HCOs3); and the
peptide was adjusted to 150 and 100 uM with Milli-Q water, respectively, in a microtube,
and afterwards CaCO3 mineralization was performed for 180 min. MW irradiation was
conducted as follows: (1) the MW irradiation for 80 min, (2) termination of MW irradiation
and subsequent incubation for 20 min at room temperature, and (3) MW irradiation for
80 min. To realize MW irradiation from two directions, MWs were irradiated alternately
using two patch antennas at intervals of 8 ms with a phase difference of 180°. In the absence
of MW irradiation, incubation was performed at 30, 50, 60, and 90 °C using a temperature
control device (GeneAtlas 485, ASTEC Co., Ltd., Fukuoka, Japan).

2.7. TEM and TEM-EELS Measurements

A 20 pL solution of the CaCOj3 precipitates was placed on a transmission electron
microscopy (TEM) grid for 5 min, and the excess solvent was absorbed with filter paper;
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this process was repeated. Milli-Q water (20 pL) was placed on the grid and immediately
absorbed with a filter paper. All samples were dried in vacuo prior to the TEM measure-
ments, which were conducted at an accelerating voltage of 200 kV (JEM-2100, JEOL Ltd.,
Tokyo, Japan).

2.8. AFM Measurements

A 20 pL solution of the CaCOj; precipitates was placed on freshly cleaved mica
(1 x 1 cm) for 5 min and the excess solvent was absorbed with filter paper. This process
was repeated, and afterwards 20 pL of Milli-Q water was placed on the mica surface and
immediately absorbed with a filter paper. All samples were dried in vacuo. Tapping-mode
images were obtained on a multimode scanning probe microscope using a Nanoscope Illa
controller (Veeco Instruments Inc., Woodbury, NY, USA).

2.9. DLS Measurements

An 80 pL solution of the CaCOs5 precipitates was transferred into a cuvette (ZEN0040,
Malvern Panalytical Ltd., Malvern, UK) for the dynamic light scattering (DLS) measure-
ments. DLS data were obtained on a Zetasizer ZEN3600 instrument (Sysmex Corp.,
Kobe, Japan).

2.10. HPLC Analysis for Peptide Consumption Rates

Following the CaCOj3; mineralization, 100 uM peptide, 150 uM Ca(HCO3),, and 0.1%
TFA /Milli-Q water (40 uL) were added to 160 pL of the sample solution. Then, 200 pL of the
solution was filtered using a centrifugal filter (Durapore®-PVDF 0.45 pm Ultrafree®-MC-HY,
Merck KGaA, Tokyo, Japan). The sample (150 uL) was analyzed using an Inertsil ODS-3
column (4.6 x 150 mm; GL Science). The sample was eluted with A and B solutions using a
linear gradient from 0% to 30% of the B solution over 30 min at a flow rate of 1.0 mL/min.
HPLC analyses were performed on the sample after CaCO3 mineralization using 100 pM
peptide. The peptide consumption rates (ratio of the peptide content trapped in or bound to
the CaCOj; precipitates to the initial peptide content) were estimated from the HPLC peak
area of the unreacted peptide (i.e., the remaining peptide) (Figure S1).

3. Results and Discussion
3.1. Design of the CaCO3-Precipitating Peptide

The effects of MWs on CaCO3 mineralization were previously investigated using four
peptides that had different net charges owing to structural modification at the C-terminal
core sequence of the calcification-associated peptide (CAP-1) [15]. We showed that MWs
generated from a semiconductor oscillator altered the nanomorphology of the CaCOs
precipitates [26]. MWs barely affected the morphology of the CaCOj3 precipitates when
using the peptide with high mineralization ability, whereas they significantly affected
the precipitate morphology when using the peptide with low mineralization ability. In
this study, among the four peptides, we selected the peptide that exhibited the lowest
precipitating ability and large MW effect (Figure 1). When the selected CaCOj3-precipitating
peptide was used at a concentration of 100 pM, the CaCOj3 precipitates showed string-
like morphology upon irradiation with 60 W of MWs generated by the semiconductor
oscillator [26].

H-S-S-E-D-D-D-D-D-D-0H

COOH
OH COOH COOH COOH
0 0 0 0
H H H H
N <N < N <N <N
H S H H o H H S H H 5 H H o
“NoH cooH cooH “NcooH

Figure 1. Sequence and structure of CaCOj3-precipitating peptide.
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3.2. Development of the MW Irradiating Equipment

We used a magnetron as an MW oscillator and placed an antenna below the sample
in a microtube (Figure 2a). We analyzed the strength of the E-field generated by the MW
irradiating equipment and monitored the polarizing direction. The distribution of the
E-field strength was non-uniform, thus necessitating that the device measuring the E-field
strength had a spatial resolution equal to or less than the microtube size. We used an
optical E-field sensor that was composed of an optical waveguide and a dipole antenna,
similar to that used in the previous study [26]. The E-field strength increased with the MW
output (Figure S2), and the polarizing direction was vertical to the antenna major axis. This
indicated that the equipment could generate an E-field with linear polarization, enabling
us to analyze the behavior of the biomolecules upon MW irradiation in detail.

(a) (b)

(c) (d)
Antenna
100 - —10 W
ow
200 wW
80 - w10 W (Two directions)

e 200 W (Two directions)
I—ﬁ—| 40 mm Plane of
'Sl ity » I E-field
60 -

oscillation

40 mm 40 1

Temperature (°C)

H 90° 20

Antenna ~ G—)

Plane of

E-field 0 30 60 90 120 150 180
oscillation

Time (min)

Figure 2. Equipment for MW irradiation. (a) Equipment for MW irradiation from one direction.
(b) Equipment for MW irradiation from two directions. (c) The cross-sectional view of the irradiation
equipment from the two directions along the X plane in (b). (d) The temperature variation of
the solution upon changing the MW output. (a—c) were modified and reproduced from [28] with
permission from the Japan Society of Electromagnetic Wave Energy Applications.

We next developed the MW irradiation equipment so as to realize irradiation from
two directions (Figure 2b). First, we divided the MWs generated by the magnetron into two
parts and attempted to irradiate the MWs from the two antennas simultaneously. However,
the magnetron was saturated by the MWs, which leaked from the sides of the antenna,
failing to generate MWs at the expected output. Therefore, the MWs were irradiated
alternately from two patch antennas to suppress the saturation of the magnetron. Two
patch antennas were installed at an angle of 90° such that the planes of the polarization of
the linearly polarized waves intersected at right angles (Figure 2c) and the MW irradiation
could be performed alternately at intervals of 8 ms with a phase difference of 180° to
prevent interference.

Next, the sample solution temperature was measured using a thermocouple thermome-
ter under MW irradiation. The maximum and average temperature gradually increased
with the MW output. For MW irradiation from one direction at 200 W, the maximum and
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average temperatures of the sample solution were 62.3 and 50.5 °C, respectively. For MW
irradiation from two directions at 200 W, the maximum and average temperatures were
74.8 and 56.2 °C, respectively (Figure 2d).

3.3. Morphology of the CaCOj Precipitates Formed by MW Irradiation from One Direction

We observed the CaCOj precipitates obtained using 100 uM peptide in the presence
and absence of MW irradiation. TEM images showed sphere-like precipitates of CaCOs3
in the absence of MW irradiation at room temperature, 30, 50, 60, and 90 °C (Figure 3a
and Figure S3a—d). Considering the local heating by MWs, we performed the CaCOs
mineralization at 90 °C in the absence of MW irradiation. Under MW irradiation, string-
like precipitates were formed (Figures 3b and S3e,f). On the other hand, in the absence of
the peptide, the string-like precipitates were barely formed even under MW irradiation
at 200 W (Figure S3h). In the atomic force microscopy (AFM) images, spherical CaCOs
precipitates were observed in the absence of MW irradiation at room temperature, 50, and
60 °C (Figure S4a—c), and string-like precipitates were observed upon MW irradiation
(Figure S4d,e). This was consistent with the TEM analysis. These results showed that the
string-like precipitates of CaCO3; were formed upon MW irradiation from the one direction,
similar to that observed using the semiconductor oscillator described previously. The
magnetron oscillator outputted a wide frequency band of 2450 &+ 50 MHz, whereas the
semiconductor oscillator outputted a narrower frequency band of 2450 4+ 3 MHz. These
observations suggest that the distribution of the MW frequency has a negligible effect on
the morphology.

e

Peptide consumption rate (%)
B
8

-Control rt. 30°C 50°C 60°C 90°CMW MW M
200wW30wW 10w

Figure 3. CaCOj precipitates formed under MW irradiation from one direction and consumption
rate of peptides on CaCO3 mineralization. (a) TEM image of CaCOj precipitates with 100 pM
peptide at 60 °C without MW irradiation (representative of sphere-like image). (b) TEM image of
CaCOj3 precipitates with 100 uM peptide under 200 W MW irradiation (representative of string-like
image). (c) Peptide consumption rates calculated from peak areas of residual peptides determined in
HPLC profiles.

Next, we conducted the elemental analysis of the CaCOj3 precipitates obtained using
the peptide in the presence and absence of MW irradiation by TEM-electron energy-loss
spectroscopy (TEM-EELS). Calcium from CaCOs, nitrogen from the peptide, and oxygen
from CaCOj3 and/or the peptide were slightly detected (Figure S5), indicating that the
precipitates observed in the TEM images were those of CaCO3 and peptides.

We then determined the size distribution profile of the CaCOj precipitates obtained
using 100 pM peptide in the presence and absence of MW irradiation by DLS measurements.
A single peak (corresponding to 1 mm particle size) was observed in the absence of MW
irradiation at 50 and 60 °C, while two peaks (corresponding to particle sizes of 200 nm and
1 mm) were observed under MW irradiation at 200 W; these two peaks were correlated
to the morphology observed in the TEM images. These results indicated that different
precipitates of CaCO3 were formed with or without MW irradiation.

Finally, the peptide consumption rates (ratio of the peptide content trapped in or
bound to CaCOj precipitates to the initial peptide content) were estimated with HPLC
(Figure 3c). The peptide consumption rates increased with temperature in the absence of
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MW irradiation, whereas they remained almost unchanged regardless of the MW output
under MW irradiation. Therefore, MWs have lesser effect on the peptide.

MWs can generate local hot spots at the contact points of particles [29]. Thus, we as-
sume that once a peptide precipitates the CaCO3 nanoparticles, linearly polarized MWs can
create an anisotropic E-field and induce thermal distribution in the nanoparticles. Consid-
ering this, we speculated that in the presence of peptides, the hotspots generated between
the particles accelerated the CaCOj precipitation to form string-like CaCOj5 precipitates
under MW irradiation from one direction.

3.4. Morphology of CaCQOgz Precipitates Formed under MW Irradiation from Two Directions

We investigated the effect of the irradiation direction of the MWs on the CaCOs
mineralization using the peptide. The TEM images showed the formation of CaCOj3
precipitates with sphere-like shapes under MW irradiation from two directions at 10 and
200 W (Figures 4a,b and S6). This was similar to that observed at 60 °C in the absence of
MW irradiation (Figure 3a), but different from the string-like CaCOj3 precipitates formed
under MW irradiation from one direction. These results indicated that the direction of MW
irradiation strongly affected the CaCO3 morphology.

Figure 4. TEM images of CaCOj3 precipitates obtained under MW irradiation from two directions.
CaCOj3 mineralization using 100 uM peptide was performed under MW irradiation at (a) 10 W and
(b) 200 W (both representative of sphere-like particles).

Considering this, we speculated that the E-field and thermal distribution were not
anisotropic under MW irradiation from two directions, and thus sphere-like CaCOj3 precip-
itates were formed.

4. Conclusions

In conclusion, the irradiation direction of the MWs generated by the magnetron af-
fected the morphology of the CaCOj precipitates. String-like CaCOj3 precipitates were
formed under MW irradiation from one direction, similar to those obtained using a semicon-
ductor oscillator described previously. This implied that the distribution of the frequency
had a negligible effect on the morphology. In contrast, spherical precipitates were obtained
under MW irradiation from two directions. Thus, we developed a method to control the
morphology of the CaCOj3 precipitates by varying the direction of MW irradiation. In the
future, we plan to analyze the polymorphism of the CaCOj3 precipitates obtained under
MW irradiation. Mineralization through MW irradiation is not limited to the production
of CaCQOg precipitates. By substituting the CaCOs-precipitating sequences with other
inorganic compound-precipitating sequences, this system can be used to obtain various
inorganic compound precipitates with controlled shapes. Mineralization through MW
irradiation can be applied not only to the industrial production of inorganic materials
but also for the treatment of teeth and bones. Magnetrons are relatively inexpensive and
versatile, and thus mineralization using the MWs generated by magnetrons has potential
for widespread application. We shall investigate the effects of MWs with stronger E-field
strength on the CaCO3 mineralization for industrial and medical applications.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr12071327/s1, Figure S1: Example of HPLC charts for analyzing
peptide consumed in CaCOj3; mineralization; Figure S2: Relationships between output power of
the one-direction linearly polarized irradiation system and the E-field strength around the sample;
Figure S3: TEM images of the sample after CaCO3 mineralization using 100 uM peptide; Figure S4:
AFM images of the sample after CaCO3; mineralization using 100 uM peptide; Figure S5: TEM-EELS
measurement of the sample after CaCO3; mineralization using the peptide; Figure S6: TEM images of
the sample after CaCO3 mineralization under MW irradiation from two directions.
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