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Research on the Characteristics and Utilization of Rice Gel

MIZUKAMI Hiroyuki*, MINEDA Eri**, SHIRAO Kensuke™, TOMODA Yukitoshi®™,

HANASHIRO [sao™**

and MIMAKT Nami**
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1min  3min  5min 15min  30min  45min  60min

Oday 009 008 007 007 008 010 0.10 0.10
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15min 30min 45min 60min

X5 WAWERR OS5 KA

K2 RT NS O

HAMEE &S EE (EY

(min) (mm) (9) (ml) HER
1 98.70 411.06 1170 2.85
2 101.09 410.18 1235 3.01
5 100.85 407.45 1275 3.13
10 103.87 407.14 1365 3.35
15 103.88 408.88 1275 3.12
30 103.87 410.49 1325 3.23
45 103.96 405.68 1295 3.19
60 103.40 406.73 1300 3.20

3.3 KT ILOBIMEERENT

KT NOREIT, KOFERST TH DB N L
TWBIZEREBZ LN, HAWNT X VI
NI RN INIHT 24T o T, KI6IE K7 L O
%®ﬁ§“ﬁ%fbt%@f%&i%@7m7Fﬁ
T L OEESE L OE 05RO TS5 E )
@%ﬁ%mbt%@f%éo*ﬁw@ﬁﬁh@%f
MO SN, A VT I T7—EBEEH S
Bl Li=tk, 7 AilHh T 5 CHMi L, HPLCTH
N (B Opfizf~iz, TOOEHEDKE X
ﬁ%>I6U%%L5mWAWﬁﬁf@7:m—z)
B4y, B2+B3M 4y, A+B1E /T B, FDEIS %
RLIZDONEITH D, 0-605 O W01 AWHEE
fCEBWTh, BEEEE TldApp. AMIE 43 I1E15. 8-17.
6% BZ+B3E T CIE19. 5-21. 4%, A+B1iE[4y TlE61.
5-64. 1% & IZFFE T, HFE THENZ10.5-0.
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FIZ, BEREIN LR LT I a7 F U D
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Detector response

\
)

.\
IR/ AT Y
50 70 80 80 100

IR/

60 70 80 90 100
Retention time (min)

, Fluorescence response (molar); - ---- , Rl response (weight)

6 K7 oAy o SR S04

s
. N 3
60 70 80 90 100

K3 KT Ok OHEE AR

Mixing Fraction (weight %)

Weight ratio Fraction (mole %) Molar ratio
tme — (A+B1) (A+B1)

(
/(B2+B3) App.AM  B2+B3 A+B1

(min) AppAM B2tB3  AtB1 (B2+83)
0 165 214 624 29 05 a5 89.9 a5
1 158 200 641 32 06 9.2 90.2 98
3 166 207 626 30 07 95 89.8 95
5 168 205 626 3.1 06 9.5 89.9 95
0170 201 629 3.4 06 97 89.7 93
15 176 209 615 29 07 9.4 90.0 9.2
30 1865 212 622 29 07 9.4 89.9 98
45 168 202 630 3.1 05 92 90.3 a8
60 165 195  64.0 33 07 9.4 89.9 a6

TR HBUEL T D BRY DT A AT - T2 BT
RIMHER TR SN BT OT 2 u— Ay 0E|
A (App. AM) 13 AW NE < 72 DICPRVME T
HEmAFRD AL (M7, FR4), I THE L
SRRV T S RN EO bz, 2oL
MNH ., HAWHBENR KR O T I v — X D %EH)
EEEEE, HAWREITT S LD T I m
—ZAENEINT 5 Z ENREEI N, ORI
ENFET In—AEOKTIE, HABREAEL 72
DITEED, BENERCT R B —ADF v N U —7 R
B END7=0ICRZ 5D TIERW I EHERI SN,

TIaRIFUOEECONWTTHARLE=DIC, &
LD FREE R B X ORI ok
MHT IR FUagR LT, ZFoHEHES
WZOWTHHATZD, HABIREE AL L CTHLEES
HDFETIRD BN hoT- (F— X IBsE),

4 [@X] RTILOFEEEFRICET SR

Detector response

Sl s L by Lol | Ty
60 70 80 90 100 60 70 80 90 100
Retention time (min)
, Fluorescence response (molar); = =—--- , Rl response (weight)

B7 KT OIRKRIH S o OBk O SR AR

B 70 80 90 100

Fd KTV OREAKGHE S T OBk OB 534

Fraction (mole %)

Mixing Fraction (waight %) Weight ratio Molar ratio
time A+B1) T (A+B1)
(min)  App.AM  B2+B3 A+B1 /(B2+B1) App.AM B2+B3 A+B1 /(B2+B1)
0 337 16.0 50.4 3.2 1.1 9.3 89.6 9.6
1 17.5 19.8 62.7 3.2 0.4 9.4 90.3 97
3 12.9 21.2 66.0 31 0.5 9.6 90.1 9.4
5 14.6 20.5 64.9 3.2 04 9.4 90.3 9.6
10 13.9 213 64.8 3.0 0.4 9.5 90.2 9.5
15 12.6 21.2 66.3 3.1 0.6 9.7 89.8 9.3
30 13 20.8 68.0 3.3 0.3 9.4 90.4 9.6
45 5.9 215 727 3.4 0.3 9.4 90.4 9.6
60 6.7 22.7 0.7 31 0.2 9.5 90.3 9.5

FIT, T I FUoDEHEITK S THOW AT
Sz, K8IL, KTV DEIEFHFE IR KR D O 4
BIFHB L -7 I o7 F o EHOBEE M E R L
s a~ 7T AT, KN, B E 532 5535 L
727 I ulr F U EHOEE S AR T, KIDEK
FhHE 2y D153 AKDO T LD 7 a~ k7T A, K
8D DT IuXIFUoFEHDIu~w T T AL L
SHEMLLT-, K8DH AMWHERI0/M L, HAWRTOK
K THLT-OEBEOKOEM EF L EEZOND
Z e R EIZEB T B 14 AWHE %D
KD r7a~< 7T AEHLULTVWD EE AT,
BRI T, — D7 I Xs F U TIERD
NRNE D RENT I T F U FEEHN, AW
B34y £ TICAKITHEM L TWAR, ZRLIEDE A
WrCIXEMERD N2 holz, ZOZ b, &
AWHLER DI IT T 2 v F o DRy T i
DN, ENLFE, AN ZIEXTLTHL, £
YL EOERSF IR Z 5202 LN RE ST,

BRI RTRRIC, JEPTE R S8 (F)
THELNEZ7a~ NI A0 — 7 mHEDk, RI/F
DAEIZ155E AW TL 19TH > 7= DK L, B A K
W34y LAKE130. 3-0. 7 LKy o 7=, RI/FEIZEAED
FREE L 7o B Z 0D BORBEEE TR 2
EORE SIESHbEnEZEEZ D, 2, 19
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H S OWAED L, KL TIIREANMTIC L -
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v U= BT D 5T, TIaXTF Ut
N T AR =W TR LT 2 2 L2k -> TEf
Bt C B2 RIE LTV D LR 1ZHEZR LT D,
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o~ RF 4
KN Xl
Y
\A v
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L L L L AN L G
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=
]
2 \
2 ' Z h 6
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L | I I | L
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o 1 L “
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, Fluorescence response (molar); = ===~ , Rl response (weight)
B8 KT VKRB SRR L 72T I my
F v EHOBHE AR

0 min. #234 RF 41 mn #189 N 119 3 min #191 - 2350
0.190 N r

I !
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L L
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R AN

@ " 1 L
& -
# 4 #1 i 4
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% P
] ;o
< Wb N
= PR
2 N ©
] \
] \ E
] \
o L 1 LY
30 min. #200 .
sy
\
\
'

| L T R,
60 70 BO 80 100 60 70 BO 80 100

Retention time (min)

L L T
60 70 B0 90 100

, Fluorescence response (molar); -----. , Rl response (weight)
B9 JEAKFMHE S B R LT I m s F
Y EHOEHRE M

3.4 R7T7ILOEEE & HEDERK

KT DY RVE & BB O 5y TG & OBIFR &
HIea. BRSOV O EE &Rk
o7 Ie—2A5&EEOMIC, HEREWA D
MR b 2 ENbhroiz (K10),

T, A (X2) BIOWSE (K4) 2B\ T
I EAMOIE O3S TloWnTh b RESIKFLT
BY, 7IaXrFrORSAEOBR E —Z LT
W5 ZEDLEE ORIIIBEMEN S D Z & A3 HEER
S,

30 ® Sday
“.® ® 3day
25 o e o y = -0.6553x + 29.83
enlL® ) R=0T7887 lday
~ 20 ® e Oday
£ ¢ e
7z ...
15 o e y=-0.5202x + 18.941
3 Tty g RE=08227
W 10 oy
&
5 y=-0.1204x + 3.5822
=-0.0019x +0.109 R? =10.7999
0 5 10 15 20

TIA—AEE (%)
R 7 X 7 — R & & KTV O Ers g
(=) & ok

X10
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O k100g ZPek L. 2 BEREIKICIRT,

@ KEYIY, 200212725 K HITKEMZ D,

@ T3 (F43) A T1000gi29 5,

@ wvRr—7T5 BT 5,
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D k7N 200 Vv T ay
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ABSTRACT

We synthesized poly(3,4-ethylenedioxythiophene) (PEDOT) thin films by using a microcrystalline sulfated cel-
lulose nanofiber (s-CNF) dopant. Specifically, we examined the ratio of EDOT monomer and CNF dopant, the
quantity of initiator for the monomer, and the pH during polymerization. By doing so, we produced a PEDOT/s-
CNF thin film with a conductivity that is 700 times higher than commercial simple PEDOT/polystyrene sulfonate
(PSS) without adding agent. The optical adsorption of PEDOT/s-CNF thin film in the near-infrared (NIR) range
(700-2000 nm) increased in accordance with the electrical conductivity increased. We estimated the visible light
(380-700 nm) and NIR (700-2000 nm) transmittance t by multiplying the spectral transmittance t(A) and
weighting coefficients (E,*A\), and taking the weighted average. Although the 7,5 of the optimized PEDOT/s-
CNF thin film with the highest conductivity remained at 85.0%, the tyr decreased to 69.8%. We dispersed the
optimized PEDOT/s-CNF in the polyvinyl alcohol aqueous solution and coated the polymer onto a glass plate to
provide NIR shielding. By testing the PEDOT-coated glass by irradiation with simulated sunlight, we confirmed

that the film suppressed the temperature rise.

1. Introduction

Near-infrared (NIR; 700-2000 nm) light accounts for half of the
energy in solar radiation [1]. NIR irradiation increases the temperature
inside cars, buildings, and other structures, such that they consume
more energy for air conditioning. However, increases in energy con-
sumption contribute to global climate change. Thus, to suppress such
temperature increases, researchers must develop materials and techni-
ques that shield structures from NIR light.

Various materials have been reported to show NIR-shielding prop-
erties, including 1) metal oxides (NIR absorbing) such as tin-doped
indium oxide (ITO) [2-4], antimony-doped tin oxide (ATO) [2,5], and
cesium tungsten oxide (Cs;WO,) [6,7]; and 2) metals (NIR reflective)
such as Ni, Ag, and Au [2,8-10]. In particular, thin films of ATO, ITO,
and Cs,WO, have attracted much attention because they show both
high transmittance in the visible light range as well as high NIR optical
absorption [2-4,7]. However, the uses of ATO is limited because anti-
mony is harmful to the human body [11,12]. Indium and cesium are
problematic because they are rare metals. Supply is limited because
these metals are in high demand for them as raw materials to produce
transparent electrodes and terminals of liquid-crystal displays, solar
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panels, organic light-emitting diodes, and touch panels. Additionally,
thin films of these inorganic materials are rigid and inflexible, limiting
their applications [13]. Researchers have recently used conductive
polymers for NIR shielding [14-16]. Among these polymers, poly(3,4-
ethylenedioxythiophene) (PEDOT) is a totally organic material that
absorbs NIR light [14,15], and has been most attractive for use in solar
cells, LEDs, and thermoelectric devices [17-21]. PEDOT thin films are
simpler and cheaper to form than inorganic thin films because one can
prepare the former at atmospheric pressure. An additional advantage is
that the polaron and bipolaron of PEDOT have NIR optical absorption
bands [22,23], and enhance the electric conductivity of PEDOT. In
other words, one can increase the NIR optical absorption of PEDOT in
accordance with the conductivity [24,25]. PEDOT is generally doped
with polystyrene sulfonate (PSS). Recently, researchers increased the
conductivity of PEDOT/PSS films by adding polar organic compounds
to the PEDOT/PSS aqueous dispersion [26,27], and by exposing the
PEDOT/PSS film to water vapor [28]. A chain transformation from the
benzoid to quinoid structure occurs when a polar organic compound
promotes PEDOT crystallization [26,27]. In the present paper, we used
sulfated cellulose as a dopant for the following reasons: 1) it has hy-
droxyl groups in glucopyranose residues; 2) it has linear rigid chains
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composed of  (1g4)-linked glucopyranose residues; 3) PEDOT mole-
cules align around the rigid linear chains of cellulose; and 4) one can
readily incorporated sulfated groups into cellulose can be easily con-
trolled by using chlorosulfonic acid. Furthermore, the crystallinity of
the cellulose structure influences the conductivity of PEDOT. Doping
PEDOT with microcrystalline cellulose sulfate increases its conductivity
more than doping with amorphous cellulose sulfate [29].

Previously, we used cellulose sulfated from bulk cellulose (pulp) as
a dopant [29]. However, this pulp often sulfated inhomogeneously. In
the present study we used a cellulose nanofiber, with a homogeneous
microstructure, as the starting material. To produce a PEDOT thin film
with higher conductivity than what has been previously reported in the
literature, we optimized the redox polymerization of EDOT by using
sulfated cellulose nanofiber (s-CNF). We also investigated the optical
properties of the obtained PEDOT thin films. We coated the optimized
PEDOT/s-CNF was coated onto a glass plate, and examined its NIR-
shielding properties by irradiating the thin film with simulated sun-
light. We also assessed the mechanical properties derived from using
CNF as the inner thin film of the NIR-shielding material. Moreover, we
coated PEDOT/s-CNF onto polyethylene terephthalate (PET) film by the
roll-to-roll gravure and fabricated an inner thin film between two glass
plates.

2. Experimental
2.1. Materials

We used CNF (nanoforest-S BB-C, high defibration degree, made
from bamboo; Chuetsu Pulp & Paper Co., Ltd., Japan) as the starting
material. The freeze-dried CNF was pulverized with milling equipment.
We used 3,4-ethylenedioxythiophene (EDOT; Tokyo Chemical Industry
Co. Ltd., Tokyo, Japan) as the monomer for preparing PEDOT. Iron(III)
sulfate n-hydrate (Wako Chemicals Co. Ltd, Tokyo, Japan) was used as
aredox reagent. We used potassium persulfate (K,S,Og; Nacalai Tesque,
Inc., Japan) as a radical initiator. The CNF was sulfated using chlor-
osulfonic acid (Sigma-Aldrich Japan Co., LLC, Japan). We purified s-
CNF and PEDOT/s-CNF by dialysis using molecular-scale porous
membrane tubing with a cut-off molecular weight of 3500 (Spectra/
por3, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA).
Polyvinyl alcohol-butene diol copolymer (PVA; Mitsubishi Chemical
Corp., Japan) was used as the matrix polymer for the inner thin film.
We used PEDOT/PSS (conductive grade PEDOT/PSS, from the com-
mercial product catalog, Sigma-Aldrich Japan Co. LLC) as a reference
conductive polymer.

2.2. Preparation of sulfated CNF

We synthesized s-CNF using chlorosulfonic and CNF (Scheme 1).
Two grams of CNF was suspended in 200 mL of N,N-dimethylforma-
mide (DMF) while stirring for 24 h. After dispersing the suspension with
an ultrasonic probe for 2 min, we added 3.6 mL of chlorosulfonic acid
dropwise over the course of 30 min at 10 °C, and then stirred for 6 h.
The crude product was re-precipitated using a saturated sodium acet-
ate—ethanol solution (Nacalai Tesque, Inc., Kyoto, Japan), then the
precipitate was washed repeatedly with a 13.4 vol% methanol / 85.5
vol% ethanol / 1.1 vol% propanol mixture (Solmix AP-1, Japan Alcohol
Trading Co., Ltd., Tokyo, Japan) until the pH of the supernatant solu-
tion was 7.0. We dispersed the precipitate in water and purified the
solution by dialysis for 72 h. The obtained products were freeze-dried.

2.3. Preparation of PEDOT
Scheme 2 shows the redox polymerization of EDOT using s-CNF and
the redox reagent. We optimized the redox polymerization of PEDOT by

using sulfated cellulose nanofiber (s-CNF). Table 1 summarizes the
polymerization conditions of EDOT. We prepared PEDOT/s-CNF by
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oxidative polymerization of EDOT in an aqueous dispersion of s-CNF.
Concentrated hydrochloric acid was added to 25 mL of a 0.2 wt.%
aqueous dispersion of s-CNF to attain a specific pH value. We ad-
dedEDOT to the s-CNF aqueous dispersion and suspended it by soni-
cation with an ultrasonic probe for 1 min. Then, a specific amount of
KS,0g, used as the radical initiator, was added to the aqueous dis-
persion with a specific amount of iron(Ill) sulfate n-hydrate
[Fe5(SO4)sl, the redox reagent; this solution was stirred at 25 °C for 1 d
We purified the crude products were purified by dialysis for 72 h. Then,
the concentration of the aqueous dispersion was increased to 0.6 wt%
by evaporation. To evaluate their electrical conductivity, we prepared
PEDOT/s-CNF thin films on glass substrates by spin-coating, using the
PEDOT/s-CNF aqueous dispersion, as reported previously [29].

2.4. Fabrication of PEDOT/s-CNF-PVA composite films

We homogeneously mixed 5 g of 1.2 wt% PEDOT/s-CNF aqueous
dispersion and 25 g of aqueous solution containing 3.0 g of PVA. The
PEDOT/s-CNF PVA aqueous dispersion was stirred and sonicated with
an ultrasonic probe for 1 min.We added of 0.06 g of Triton X (The Dow
Chemical Company Japan, Tokyo, Japan) as a surfactant. The glass
substrate, treated by UV-ozone cleaning, was coated with 5 mL of the
PEDOT/s-CNF PVA aqueous dispersion using a doctor blade. We dried
the glass substrate coated with the PEDOT/s-CNF-PVA composite film
under heated air.

2.5. Instrumental

We measured the electrical surface resistance with a resistance
meter (Loresta-GP or Hiresta-UP, Mitsubishi Chemical Analytech Co.
Ltd., Tokyo, Japan) using the four-terminal method. UV-visible
(UV-vis) and NIR spectra were measured using a UV-vis absorption
spectrometer (V-670, JASCO Corp., Tokyo, Japan). We estimatedthe
degree ofsubstitution (DS) of the sulfate groups in the sulfated CNF
from the sulfur content using Eq. (1), measured by elemental analysis
(vario MICRO cube, Elementar Analysensysteme, Frankfurt, Germany):

_S(%)/32.07
T C(%)/12.01/6 @

S(%): elemental analysis value of sulfur; and C(%): elemental ana-
lysis value of carbon.

We performed dispersion with an ultrasonic instrument (Sonifier
SFX250, Branson Ultrasonics, Emerson Japan, Ltd). The thickness of the
PEDOT thin films was measured with a stylus profilometer (Dektak-
150, Bruker Corp, Tucson, AZ, USA). We evaluatedthe light-shielding
properties by examining the suppression of the temperature rise inside
an apparatus irradiated with simulated sunlight (SERIC Ltd, Tokyo,
Japan). A data logger (T&D Corporation, Nagano, Japan) monitored the
temperature inside the apparatus. The simulated sunlight was restricted
to a wavelength range of 400-690 nm by a cut filter (Edmund Optics
Ltd., York, UK.). We observed the morphology of the PEDOT/s-CNF film
using transmission electron microscopy (TEM; JCM-5700, JEOL Ltd.,
Tokyo, Japan).

3. Results and discussion
3.1. Optimization of polymerization

As reported previously, the electrical conductivity of PEDOT/s-CNF
was highest when the s-CNF had a homogeneous microcrystalline
structure [29]. We chose s-CNF (DS: 1.73) with a microcrystalline
structure from various types of s-CNF. A high polymerization degree,
doping level, conjugation length, and crystallinity can enhance the
conductivity of PEDOT chains [25].

In the present study, we optimized the redox polymerization for
EDOT to obtain PEDOT that exhibits with higher electrical conductivity



K. Yoshida, et al.

CH,OH
Cellulose (CNF)

—

CH,OH

KoM
SRy

| CH,0SOsH Jn
Sulfated CNF(s-CNF)

Thin Solid Films 709 (2020) 138221

I
N eSS
0
HO
—nNn

Chlorosulfonic acid

CH,0SO,H

Scheme 1. Synthesis of sulfated CNF(s-CNF).

than previously reported. It is considered that the electrical con-
ductivity property of obtained PEDOT thin films was influenced by the
molar ratio of EDOT to s-CNF, a concentration of reagent as the redox
polymerization initiator and pH in polymerization. Table 1 summarizes
the preparation condition of PEDOT/s-CNF. For comparison, we used a
simple commercial PEDOT/PSS thin film.

First, we examined the molar ratio of EDOT to s-CNF in poly-
merization. The PEDOT thin film prepared with a 4:1 molar ratio of
EDOT to s-CNF showed the highest conductivity (Fig. 1a). This result

CH,0S0;H

e

CH,0SO0;H
s-CNF

Fex(SO,4)3
K5S,04

suggests that for the PEDOT to have high conductivity, it must be
prepared with an optimum quantity of EDOT. If there is too much
EDOT, the quantity of PEDOT that does not interact with the sulfate ion
on the s-CNF increases, thus increasing the proportion of the benzoid
structure in the PEDOT.

Next, fixing the molar ratio between EDOT and s-CNF to 4:1, we
examined the optimum amount of redox polymerization initiator,
K5S,0g, added to the EDOT. The initiator concentration influenced the
EDOT (Fig. 1b). We maximized the electrical conductivity of the PEDOT

\ 7

0 O

/

KPRy

3,4-ethylenedioxythiophene
(EDOT)

CH,0SO0;H

PEDOT/s-CNF
Scheme 2. Synthesis of PEDOT/s-CNF.

RERAREXRRM 2 — HRMEE No.56. 2020 19



K. Yoshida, et al.

Table 1
Preparation condition of PEDOT/s-CNF.

PEDOT Sample Molar ratio K5S50g (mol x Fey(SO4)s" (uL) pH

No. s-CNF EDOT 10~%

1 1.0 0.125 3.5 250 1.0
2 1.0 0.250 3.5 250 1.0
3 1.0 0.500 3.5 250 1.0
4 1.0 1.0 3.5 250 1.0
5 1.0 2.0 3.5 250 1.0
6 1.0 4.0 3.5 250 1.0
7 1.0 8.0 3.5 250 1.0
8 1.0 4.0 7.0 500 1.0
9 1.0 4.0 3.5 250 1.0
10 1.0 4.0 1.8 125 1.0
11 1.0 4.0 0.9 62.5 1.0
12 1.0 4.0 0.4 31.3 1.0
13 1.0 4.0 1.8 125 0.89
14 1.0 4.0 1.8 125 1.24
15 1.0 4.0 1.8 125 1.43
16 1.0 4.0 1.8 125 1.60
17 1.0 4.0 1.8 125 1.84
18 1.0 4.0 1.8 125 1.86

b Fe,(S04)3 aqueous solution (1.4 mg/mL).

thin film by using 23 mol% K3S,0s.

In addition, at an EDOT to s-CNF molar ratio of 4:1 and 23 mol% of
K5S,0g for EDOT, we polymerized EDOT at various pH values.

The electrical conductivity considerably increased in accordance
with decreasing pH of polymerization (Fig. 1c). This suggests that the
sodium ion remaining in the s-CNF influences the electrical con-
ductivity. Sodium ions inhibit a conversion to the polaron or bipolaron
structure in PEDOT [23]. In this study, we assumed that the sodium
ions inhibited the interaction between PEDOT and OSO>~ in the s-CNF.
Thus, to obtain a PEDOT thin film with high electrical conductivity, we
believe that it was necessary to completely exclude the sodium ion from
the nearby s-CNF by using a strong acid. The PEDOT/s-CNF thin film
prepared at pH 0.89 had a conductivity that is 700 times higher than a
commercial simple PEDOT/PSS thin film. The molar ratio of EDOT to s-
CNF, and the redox polymerization initiator concentration, influenced
the degree of polymerization. Additionally, the pH of polymerization
influenced the conductivity. As a result, we obtained higher con-
ductivity by optimizing the polymerization.

3.2. Optical properties of PEDOT/s-CNF film

Fig. 2 shows a TEM image of PEDOT/s-CNF (PEDOT No.13), in-
dicating a microcrystalline structure of 200-300 nm in diameter. Fig. 3
shows the optical properties of the PEDOT prepared at various pH va-
lues, measured with UV-vis / NIR spectroscopy. Although all of the
PEDOT/s-CNF thin films exhibited almost the same optical absorption
in the visible light region (380-700 nm), their optical adsorption in the
NIR region (700-2000 nm) increased in accordance with increasing
electrical conductivity. These results suggest that the PEDOT converted
to a bipolaron structure, as reported by Mochizuki et al. [23].

We determined the weighting coefficients (E,*A\) are determined
from the solar relative spectral distribution and wavelength interval.
We denotethe visible light (vis; 380-700 nm) transmittance and near-
infrared (NIR; 700-2000 nm) transmittance as Tyisaso-700) and Tr
(700-2000). We obtained the tyis3g0-700) Dy measuring the spectral
transmittance t(1) from 380 to700 nm, and by using Eq. (2), which
multiplies by the weighting coefficients (Ej+ D1) and takes the weighted
average. Similarly, we obtained the Tnirc700-2000) Using Eq. (3):

700

Ep-AA-T(A)

7380 — 700 = =350
700 EAM

380

(2)

20
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Fig. 2. TEM image of PEDOT/s-CNF prepared with an EDOT:s-CNF molar ratio
of 4:1 and 23 mol% of K,S,0g for EDOT at pHO.89.
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Fig. 3. Optical properties of the PEDOT/s-CNF with various conductivities.
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JIS R 3106 [30] described the weighting coefficients.

Table 2 summarizes the Tyis3s80-700) and Tnir(700-2000) Values against
the conductivity values of the obtained PEDOT/s-CNF thin films. As the
electrical conductivity increased, Tnmrzoo—2000y) gradually decreased,
although tyi5380-700)remained constant. The Tyis3g0-700) Of the PEDOT/
s-CNF thin film (PEDOT No. 13) with the highest conductivity was
850%, whereas the TNIR(700-2000) Was 69.8%.

3.3. PEDOT/s-CNF-PVA composite film

We applied PEDOT/s-CNF thin films to NIR-shielding materials.
Figure 4 shows that the composite film fabricated from the PEDOT/s-
CNF dispersed in PVA aqueous solution was highly transparent.

Thin Solid Films 709 (2020) 138221

Table 2

Vis and NIR transmittance (t3go_700 and T700_2000) and conductivity of PEDOT/
s-CNF thin films.

PEDOT No. Conductivity Transmittance (%)  T3go_700 (%)  T700-2000 (%)
(Sem™ 1) at 550 nm

13 10.1 92.4 85.0 69.8

14 5.1 89.3 88.3 76.4

15 4.0 86.0 84.9 73.7

16 2.0 89.3 88.3 79.4

17 0.3 86.2 91.6 86.0

Table 3 summarizes the tensile strength of a PEDOT/s-CNF-PVA
composite film, compared with the PEDOT/PSS-PVA and PVA films.
The PEDOT/s-CNF-PVA composite film was 1.4 times stronger than the
PEDOT/PSS-PVA and PVA films. We hypothesize that this is attribu-
table to the CNF reinforcement.

3.4. NIR shielding effect of PEDOT/s-CNF-PVA thin film

We also used the PEDOT/s-CNF films for light-shielding. We formed
an 11mm-thick PEDOT/s-CNF-PVA thin film on a glass plate with an
area of 150 X 150 mm (PEDOT/s-CNF-PVA coating glass plate). We
monitored the temperature as follows: 1) we use a data logger used to
monitor the temperature was placed inside an open-top box with an
aperture area of 100 X 100 mm (box
width X length X height = 180 x 180 x 250 mm, wall and bottom
thickness of 18 mm) made from styrene resin; 2) we placed a cut filter
(cut-off range of 400-690 nm) on the glass plate coated with PEDOT/s-
CNF-PVA; 3) we monitored the temperature inside the apparatus for
30 min under irradiation with simulated sunlight, 53.8 klx illuminance.
Fig. 5 shows the temperature rise monitoring results. For the PVA-
coated glass, the temperature increased to 39.7 °C in 30 min. In con-
trast, for the glass coated with PEDOT/s-CNF-PVA, the temperature
increased to only 36.9 °C in 30 min. Table 4 summarizes the tempera-
ture rise over 30 min.

Eq. (3) defines the suppression of the temperature rise:

R-R)-(L-T) % 100
R, = R) 3

TSD =

TSD: Temperature rise suppression degree (%)

R;: Initial temperature, bare glass,

Ro: Temperature after 30 min, bare glass.

Ty: Initial temperature, glass coated with PVA or PEDOT/s-
CNF-PVA

To: Temperature after 30 min, glass coated with PVA glass PEDOT/s-
CNF-PVA

The temperature in the case of bare glass increased to 40 °C. In
contrast, for the glass coated with PEDOT / s-CNF-PVA, the tempera-
ture increased to only 36.9 °C. Thus, the temperature rise of the glass
coated with PEDOT/s-CNF-PVA was suppressed by 3.1°C compared
with uncoated glass. The PVA-coated glass exhibited a TSD of 0.67%,
whereas that of the glass coated with PEDOT/s-CNF-PVA was
25.5%.Thus, PEDOT/s-CNF exhibited higher NIR optical adsorption
(Table 4).

3.5. Fabrication of PEDOT/s-CNF-PVA composite film on a PET film

We scaled up the PEDOT/s-CNF dispersed in PVA aqueous solution
to 13.5 kg, which we used to coat a large PET film. The solution visc-
osity and pH of the obtained solution were 285 mPa+s and 4.83, re-
spectively. Using the roll-to-roll gravure, we coated PEDOT/s-CNF onto
a PET film with a thickness of 50 pum and dimensions of
900 mm X 500 m, to use as an inner thin film between the double-
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PEDOT/s-CNF in PVA matrix

Fig. 4. PEDOT/s-CNF-PVA composite film.

Table 3

Preparation condition and tensile strength of PEDOT/S-CNF-PVA composite film.

Film PEDOT Content (wt%) PVA Content (wt%) Thickness (mm) Tensile strength (MPa)
PVA alone 0 100 40 22.4
PEDOT/PSS-PVA 2.0 98 40 22.7
PEDOT/SCNF-PVA 2.0 98 40 31.9
Table 4 polymerized the EDOT at various pH values. The electrical conductivity
Temperature rise suppression effect using PEDOT/s-CNF-PVA film. of the PEDOT considerably increased in accordance with decreasing pH
Substrate Initial Temp. Temp. after 30 min  TSD (%)" of polyme.n'zatlon. Overall, we plioduce(.i a PEDOT/S-QNF thin film with
6] I§o) a conductivity that was ca. 700 times higher than a simple PEDOT/PSS
» thin film. 4) The NIR optical adsorption of the PEDOT/s-CNF thin film
Bare Gla553 25.1 (R, Value)  40.0 (R, Value) - also increased in accordance with increasing its electrical conductivity,
PVA Glass” 24.9 39.7 0.67 . . : .
PEDOT/s.CNF_PVA Glass”  25.8 36.9 25.5 although the optical adsorption in the UV-vis range remained constant.

D TSD: Temperature rise suppression degree.

2 Bare Glass: Visible light cut filter + Glass.

3 PVA Glass: Visible light cut filter + Glass coted PVA.

% PEDOT/s-CNF-PVA: Visible light cut filter + Glass coated PEDOT/s-
CNF-PVA.

paned glasses. After coating, we dried the film in a chamber at 110 °C
conveyed by a roll-to-roll process in Fig. 6. The obtained film was
uniformly transparent, and its thickness was ca. 11 pm. We in-
corporated the film as an inner thin layer between double-paned glass,
as can be seen in Fig. 7.

4. Conclusions

We performed redox polymerization of EDOT by using s-CNF, as
follows: 1) We investigated the molar ratio of EDOT to s-CNF in the
polymerization was investigated. The PEDOT/s-CNF exhibited the
highest conductivity at a 4:1 molar ratio. 2) At this 4:1 molar ratio, we
optimized the quantity of K,S,0s, as a redox polymerization initiator,
added to the EDOT. The PEDOT thin film exhibited a maximum elec-
trical conductivity with the addition of 23 mol% K,S,0g. 3) We

22

We estimated the visible (380-700 nm) and NIR (700-2000 nm)
transmittance by using weighting coefficients (E,+ D 1) from the solar
relative spectral distribution (E,) and wavelength interval (AMN).
Although the visible transmittance (380-700 nm) of the PEDOT/s-CNF
thin film with the highest conductivity reached 85.0%, the NIR trans-
mittance (700-2000 nm) decreased to 69.8%. 5) We used glass coated
with PEDOT/s-CNF as a window for the sealed box and irradiated the
box with NIR and infrared light. The PEDOT/s-CNF thin film suppressed
the temperature increase, as measured by a TSD of 25.5%, demon-
strating effective thermal insulation.
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Population shifts in the activated sludge
microbiome of a membrane bioreactor (MBR) dur-
ing the treatment of Ramen noodle-soup
wastewater were analyzed by high-throughput
sequencing. An MBR underwent stable treatment
of wastewater containing increasing oil concentra-
tions (from 135 to 1,350 mg/L) for 26 days; how-
ever, after feeding with wastewater containing 2,700
mg/L of oil, the mixed liquor suspended solids and
transmembrane pressure exhibited gradual and
rapid increases, respectively, leading to clogging of
the membrane. Phylogenetic analysis revealed an
oil supply-dependent increase in the abundance of
Cupriavidus gilardii (relative abundance of 26.2%
at Day 30) in the sludge together with
Parasegetibacter terrae (9.9%) and Ferruginibacter
yonginensis (9.4%). These dominant species may
play important roles in noodle-soup wastewater
treatment.

Key Words: activated sludge; high-throughput
sequencing; membrane bioreactor; microbial com-
munity structure; noodle-soup wastewater treat-
ment

Oily wastewater is generated in many industrial proc-
esses, including those related to oil and gas, and foods
and beverages. Because such wastewater adversely affects

the environment (Sato et al., 2019), region-specific regu-
lations on the discharge of oily wastewater to the envi-
ronment have become stricter (Tanudjaja et al., 2019). In
particular, the treatment of wastewater containing fats, oils,
and grease from the food industry is of major concern,
and dissolved air floatation, froth floatation, coagulation,
and adsorption have been used to treat oily wastewater.
Recently, increasing attention has focused on membrane-
based technology for oil-water separation (Tanudjaja et
al., 2019) because membrane separation processes are ca-
pable of removing large quantities of oil; however, mem-
brane fouling adversely affects the operational manage-
ment and cost of membrane filtration. Considering that
oily wastewater from the food industry is of varied com-
position depending on its origin and process, wastewater
type-specific treatment methods are needed. In this study,
as an example of high-strength oily wastewater, the treat-
ment of Ramen noodle-soup wastewater was investigated
using a membrane bioreactor (MBR), which combines
biodegradation and membrane filtration. We evaluated the
limit of membrane performance in terms of oil concentra-
tion and the sludge microbiome related to oil degradation.
To this end, we operated a laboratory-scale MBR for 30
days and examined changes in the microbial community
structure in response to oil concentration by high-through-
put Illumina MiSeq sequencing (Navarro et al., 2016).
The Ramen noodle-soup wastewater was prepared us-
ing a Ramen kit (Shigemitsu Industry Co., Ltd.,
Kumamoto, Japan). After the Ramen noodles were cooked
according to the instructions of the kit (one serving uses
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Fig. 1. Physicochemical parameters of the MBR during operation.

Closed circle, MLSS in the sludge; closed triangle, TMP; closed square, DO. Arrows on top indicate the oil
concentration of the inlet wastewater and the corresponding periods.

270 mL of water), the remaining noodle soup was steri-
lized by autoclaving. The resultant noodle-soup
wastewater as an undiluted solution was stored at 4°C until
use. Several properties of the undiluted wastewater (pH
5.7) were analyzed by Nodaichi-Denshi Co., Ltd.
(Kumamoto, Japan) as follows: biological oxygen demand
(BOD), 250,000 mg/L; suspended solid (SS) concentra-
tion, 19,000 mg/L; and oil content (n-hexane extract),
27,000 mg/L. The laboratory-scale MBR comprised three
compartments, the operating volumes of which were 12,
10.5, and 4.5 L (left to right in Fig. S1; total 27 L). The
reactor was started up with an inoculum of activated sludge
obtained from a food-industry wastewater treatment plant
(Plenus-foods Co., Ltd., Fukuoka, Japan), and the sludge
was stirred by continuous aeration. Air was provided
through an air diffuser set in each compartment at a flow
rate of 3 L/min. A laboratory-scale M-fine flat membrane
module (Awa Paper Mfg., Co., Tokushima, Japan) made
of polyacrylonitrile was submerged in the reactor during
operation. The effective surface area of one membrane
module was 0.012 m? with a pore size of 0.07 um, and
two membrane modules were used for permeation of the
treated water during operation (total surface area, 0.024
m?). Two membrane modules were operated with a cycle
of permeate extraction for 9 min and a pause for 1 min,
and the membrane surface was aerated continuously to
reduce membrane fouling. The bioreactor was constantly
fed with the above wastewater after dilution and heating
in a feed tank (5 L) at 50°C. The concentration of oil in
the feed wastewater increased gradually from 135 mg/L
(200-fold dilution of the undiluted wastewater, for 5 days)
to 360 mg/L (75-fold, for 7 days) and 675 mg/L (40-fold,
for 7 days), and from 1,350 mg/L (20-fold, for 7 days) to
2,700 mg/L (10-fold, for 4 days). The flow rates of the
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input wastewater and the output membrane-filtrated per-
meate were 5 L/day (3.5 mL/min, 5.4-day hydraulic re-
tention time [HRT]), despite the changes in the dilution
rates. During the experimental period, no sludge was with-
drawn from the reactor except for sampling. The return
sludge flow rate was 100 mL/min.

Mixed liquor SSs (MLSSs), temperature, dissolved oxy-
gen (DO), pH, and transmembrane pressure (TMP) were
monitored during the operation of the reactor. An 80 mL
sample of the activated sludge (second compartment of
the reactor) was removed five times per week. The solid
constituent of the activated sludge was removed by cen-
trifugation (15,300 x g, 15 min, 4°C), and the resulting
supernatant was filtered through a cellulose acetate mem-
brane (g, 0.20 um, C020A025A; Advantec, Tokyo, Japan).
The water-soluble total organic carbon (TOC) and total
nitrogen (TN) contents in the supernatant and treated ef-
fluent were analyzed using a TOC-TN analyzer (TOC-L/
TNM-L; Shimadzu, Kyoto, Japan).

For DNA extraction, the collected activated sludge sam-
ples were washed once with 50 mM sodium phosphate
buffer (pH 7.0) and stored at —20°C as a pellet until use.
DNA was extracted from the sludge samples according to
a direct lysis protocol (Noll et al., 2005) and treated with
RNase (Type II-A; Sigma-Aldrich, St. Louis, MO). The
purified DNA was used as the template for PCR amplifi-
cation with a high-fidelity DNA polymerase (Q5; NEB,
Ipswich, MA). The V4 region of each 16S rRNA gene was
amplified using the universal primers 515F and 806R with
an Illumina adapter region (both primers) and a 12 bp
barcode for multiplex sequencing (reverse primer)
(Caporaso et al., 2010).

High-throughput sequencing was carried out as follows.
The PCR products, purified with an AMPure XP Kit
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Fig. 2. Microbial community structures of the MBR during operation.

The community structure in activated sludge was analyzed by Illumina sequencing of 16S rRNA genes. Relative
abundances of the sequences at the phylum and class levels are shown. Phylogenetic groups that showed more
than 3% relative abundance are displayed individually. The taxonomy was assigned by QIIME analysis with
Greengenes database ver. 13_8. The numbers on top are oil concentrations.
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Fig. 3. Changes in relative abundances of the top ten most dominant OTUs detected on Day 30.

Each bar denotes the relative abundance of the OTU corresponding to the table at right. The closest relative, accession number, and similarity score,
as predicted by BLAST analysis, are shown in the table. The increase ratio was calculated from the relative abundances on Days 0 and 30. The

phylum or class of each OTU was predicted by QIIME.

(Beckman Coulter, Brea, CA), were subjected to agarose
gel electrophoresis and each target DNA band was excised
and recovered with a QIAquick Gel Extraction Kit
(Qiagen, Venlo, The Netherlands). An appropriate amount
of the 16S rRNA gene segments and an internal control
(PhiX Control v. 3; Illumina, San Diego, CA) were sub-
jected to paired-end sequencing using a 300-cycle MiSeq
Reagent Kit (Illumina) and a MiSeq Sequencer (Illumina).
Removal of PhiX, low-quality (Phred value score [Q], <
30), and chimeric sequences, and assembly of the paired-
end sequences were carried out according to a previous
report (Itoh et al., 2014). Contaminating PhiX sequences
in the [llumina sequence libraries were detected by means
of a homology search against the Greengenes database
(DeSantis et al., 2006) using Burrows-Wheeler Aligner v.
4.0.5 (Li and Durbin, 2009). Next, the PhiX sequences

were removed from the library using self-written scripts.
The paired-end sequences were joined with the fastq-join
tool in ea-utils software, v. 1.1.2-301 (Aronesty, 2013).
Joined sequences with Q scores of =30 were collected us-
ing QIIME software v. 1.7.0 (Caporaso et al., 2012), and
aligned using Mothur v. 1.31.2 (Schloss et al., 2009). Chi-
meric sequences were detected and excluded from the li-
brary. The sequences in each library were characterized
phylogenetically using QIIME software (Schloss et al.,
2009). The closest relative of the operational taxonomic
units (OTUs) was determined based on the results of a
BLAST search of their 16S rRNA sequences with those in
the National Center for Biotechnology Information nucle-
otide sequence database (http://www.ncbi.nlm.nih.gov).
The raw sequence data in this study were deposited in the
DNA Data Bank of Japan (DDBJ) under accession number
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DRAO009057 (18 libraries).

Reactor performance during wastewater feeding is
shown in Fig. 1. During the period, the DO values were
maintained at 5.4 to 6.7 mg/L (average, 6.28 mg/L), sug-
gesting the presence of sufficient oxygen for microbial
oxidation of organic compounds. During feeding with
wastewater containing oil concentrations of 135 mg/L
(200-fold dilution of undiluted wastewater) to 1,350 mg/
L (20-fold dilution), reactor performance was relatively
stable without an increase in the TMP value (<10 kPa).
The MLSS concentrations in the reactor were maintained
at 6,000 to 8,000 mg/L (Fig. 1). The water-soluble TOC
concentration of the effluent was maintained at <10 mg/
L, achieving > 90% removal based on the values in the
second compartment of the MBR (Fig. S2). Also, the wa-
ter-soluble TN concentration of the effluent became <10
mg/L after Day 19.

By contrast, the addition of wastewater containing 2,700
mg/L (10-fold dilution) of oil on Day 26 resulted in sud-
den changes in reactor performance. These were particu-
larly evident in the MLSS concentrations and TMP values
(Fig. 1). A gradual increase in the MLSS concentration to
12,100 mg/L on Day 30 was observed (Fig. 1). Such a
large sludge biomass may have contributed to the increase
in TMP. Indeed, the TMP value increased prominently from
9 kPa on Day 26 to 63 kPa on Day 30 (Fig. 1), during
which time the effluent flow rate decreased rapidly, indi-
cating the initiation of membrane fouling. Once such a
breakpoint is reached, prolonged operation will not allow
the recovery of MBR performance. Hence, we stopped
operation of the MBR at Day 30.

The sludge microbial communities in the MBR were
examined by high-throughput Illumina sequencing of 16S
rRNA genes. The total number of sequences obtained from
six sludge samples was around 330,000, corresponding to
an average of 18,261 sequences per library (minimum,
7,431; maximum, 30,917; standard deviation, 7,475). Phy-
lum- and class-level phylogenetic analyses of the Illumina
sequence data using QIIME software and the Greengenes
database were conducted to assess the composition of the
sludge microbial communities during MBR operation (Fig.
2). Betaproteobacteria, Gammaproteobacteria, and
Bacteroidetes predominated in the initial activated sludge,
accounting for 42.8%, 8.0%, and 24.4%, respectively, of
the total sludge biomass (Fig. 2). Although the physico-
chemical parameters were relatively stable on Day 12, the
populations of these predominant microbial groups were
altered, resulting in a decrease in the abundance of
Betaproteobacteria and Bacteroidetes.

Instead, the population of the phylum Chloroflexi in-
creased on Day 12 to a relative abundance of 37.2% (Fig.
2). An OTU-level phylogenetic analysis revealed that the
most dominant OTU of the phylum Chloroflexi was
OTU30731, which showed only 91.0% identity with
Caldilinea aerophila (relative abundance, 35.4% of the
total population and 95.2% of Chloroflexi). Subsequently,
the abundance of OTU30731 decreased markedly and ac-
counted for 2.9% of the total on Day 19. The phylum
Chloroflexi plays an important structural role in activated
sludge floc formation and can also cause bulking and foam-
ing problems (Kragelund et al., 2011). Chloroflexi do not
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always destroy settling properties (e.g., filamentous mem-
bers of Caldilineae in wastewater treatment plants are re-
ported to be the predominant floc-stabilizing bacteria)
(Yoon et al., 2010). Upon the initiation of MBR opera-
tion, activated sludge began to produce a surface foam
layer; however, after Day 10, the foam gradually disap-
peared. Because we did not evaluate whether OTU30731
is involved in stabilizing the floc structure, further study
of Caldilineae-related OTUs is warranted.

We investigated the microbial species at the OTU level
that responded to the increase in oil concentration fed to
the MBR. The top ten most dominant OTUs on Day 30
and the time-dependent changes in their relative abun-
dances are shown in Fig. 3. The top three most abundant
microbial species on Day 30 (OTU34123, OTU26759, and
0OTU13696) accounted for about 45.4% of the total popu-
lation; their closest relatives were Cupriavidus gilardii
(96% identity), Parasegetibacter terrae (97%), and
Ferruginibacter yonginensis (96%), respectively (Fig. 3).
The relative abundance of these three OTUs on Day 12
was 0.5% (0.1% of OTU34123, 0.3% of OTU26759, and
0.1% of OTU13696); that on Day 19 was 8.9% (0.8%,
7.5%, and 0.6%, respectively), and that on Day 26 was
29.6% (9.5%, 10.3%, and 9.8%, respectively) (Fig. 3). The
increase ratios of the respective OTUs from Day 30 to
Day 0 were 33.4, 92.9, and 244 fold, respectively. The
genus Cupriavidus can degrade crude oil (French and
Terry, 2019) and herbicides (Wu et al., 2017). Also,
Cupriavidus is reported to exhibit metal resistance (Huang
et al., 2019). These facts suggest that OTU34123, which
is related to C. gilardii, is relatively resistant to stressful
conditions, and is involved in oil degradation in
wastewater. In addition, the genus Parasegetibacter can
degrade extracellular DNA (Kim et al., 2015; Zhang et
al., 2019), and so might contribute to biomass reduction
in the MBR by eliminating DNA released by dead micro-
bial cells. Ferruginibacter yonginensis has been reported
to show hydrolytic activity towards gelatin, peptides
(trypsin activity), and C4 esters (Lee et al., 2014). Be-
cause Ramen noodle-soup contains high concentrations of
oils as well as proteins extracted from pork bones, the
metabolic features of F. yonginensis likely contribute to
the degradation of organic matter in wastewater. In addi-
tion, this bacterium has N-acetyl-f-glucosaminidase ac-
tivity. As N-acetyl-B-glucosamine is a component of bac-
terial cell walls, F. yonginensis likely plays a role in the
reduction of the sludge biomass. The predominance of the
three OTUs suggests that they play important roles in the
treatment of Ramen noodle-soup wastewater.

In conclusion, we investigated the performance and
sludge microbial community of a laboratory-scale MBR
fed with Ramen noodle-soup wastewater according to oil
concentration. This is the first report on the use of this
type of wastewater in an MBR. The MBR was stable up to
20-fold diluted model wastewater, but its performance
deteriorated at higher oil concentrations. Hence, oil con-
centrations of 1,350 to 2,700 mg/L as well as BOD of
12,500 to 25,000 mg/L in the feed wastewater are the limit
for operating an MBR system without causing membrane
fouling. [llumina sequencing of 16S rRNA genes showed
that three OTUs became predominant with increasing oil
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concentrations (Fig. 3). Because OTU34123 is related to
C. gilardii, which is reported to be an oil degrader,
quantitation of the OTU34123 16S rRNA gene sequence
in sludge may be an indicator of Ramen noodle-soup treat-
ment status. Further characterization of OTU34123 after
isolation is needed to clarify the mechanisms of wastewater
treatment.

Acknowledgments

We thank JNC Environment Corp. (Chiba, Japan) for providing the
activated sludge samples.

Supplementary Materials

Supplementary figures are available in our J-STAGE site (http://
www.jstage.jst.go.jp/browse/jgam).

References

Aronesty, E. (2013) Comparison of sequencing utility programs. Open
Bioinforma J., 7, 1-8.

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,
F. D. et al. (2010) QIIME allows analysis of high-throughput com-
munity sequencing data. Nat. Methods, 7, 335-336.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley,
J. et al. (2012) Ultra-high-throughput microbial community analy-
sis on the Illumina HiSeq and MiSeq platforms. ISME J., 6, 1621—
1624.

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L. et
al. (2006) Greengenes, a chimera-checked 16S rRNA gene data-
base and workbench compatible with ARB. Appl. Environ.
Microbiol., 72, 5069-5072.

French, K. E. and Terry, N. (2019) A high-throughput fluorescens-based
assay for rapid identification of petroleum-degrading bacteria. Front.
Microbiol., 10, 1318.

Huang, N., Mao, J., Hu, M., Wang, X., and Huo, M. (2019) Responses
to copper stress in the metal-resistant bacterium Cupriavidus gilardii
CR3: A whole-transcriptome analysis. J. Basic Microbiol., 59, 446—
457.

Itoh, H., Navarro, R. R., Takeshita, K., Tago, K., Hayatsu, M. et al.

(2014) Bacterial population succession and adaptation affected by
insecticide application and soil spraying history. Front Microbiol.,
5, 457.

Kim, S.J., Ahn, J. H., Weon, H. Y., Hong, S. B., Seok, S.J. et al. (2015)
Parasegetibacter terrae sp. nov., isolated from paddy soil and
ememded description of the genus Parasegetibacter. Int. J. Syst.
Evol. Microbiol., 65, 113-116.

Kragelund, C., Thomsen, T. R., Mielczarek, A. T., and Nielsen, P. H.
(2011) Eikelboom’s morphotype 0803 in activated sludge belongs
to the genus Caldilinea in the phylum Chloroflexi. FEMS Microbiol.
Ecol., 76, 451-462.

Lee, B. I., Kang, H., Kim, H., Joung, Y., and Joh, K. (2014)
Ferruginibacter yonginensis sp. nov., isolated from a mesotrophic
artificial lake. Int. J. Syst. Evol. Microbiol., 64, 846-850.

Li, H. and Durbin, R. (2009) Fast and accurate short read alignment
with Burrows-Wheeler transform. Bioinformatics, 25, 1754—-1760.

Navarro, R. R., Hori, T., Sato, Y., Tanaka, R., Ogata, A. et al. (2016)
High susceptibility of aerobic microbiota in membrane bioreactor
sludge towards olive oil as revealed by high-throughput sequencing
of 16S rRNA genes. J. Environ. Chem. Eng., 4, 4292-4299.

Noll, M., Matthies, D., Frenzel, P., Derakshani, M., and Liesack, W.
(2005) Succession of bacterial community structure and diversity
in a paddy soil oxygen gradient. Environ. Microbiol., 7, 382-395.

Sato, Y., Hori, T., Koike, H., Navarro, R. R., Ogata A. et al. (2019)
Transcriptome analysis of activated sludge microbiomes reveals an
unexpected role of minority nitrifiers in carbon metabolism.
Commun. Biol., 2, 179.

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M. et
al. (2009) Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing mi-
crobial communities. Appl. Environ. Microbiol., 75, 71537-7541.

Tanudjaja, H. J., Hejase, C. A., Taravara, V. V., Fane, A. G., and Chew,
J. W. (2019) Membrane-based separation for oily wastewater: A
practical perspective. Wat. Res., 156, 347-365.

Wu, X., Wang, W., Liu, J., Pan, D., Tu, X. et al. (2017) Rapid biodegra-
dation of the herbicide 2,4-dichlorophenoxyacetic acid by
Cupriavidus gilardii T-1. J. Agric. Food. Chem., 65, 3711-3720.

Yoon, D.-N., Park, S.-J., Kim, S.-J., Jeon, C. O., Chae, J.-C. et al. (2010)
Isolation, characterization, and abundance of filamentous members
of Caldilineae in activated sludge. J. Microbiol., 48, 275-283.

Zhang, J., Sui, Q., Lu, T., Zhong, H., Shen, P. et al. (2019) Sludge bio-
drying followed by land application could control the spread of
antibiotic resistance genes. Environ. Int., 130, 104906.

RAREXRRMt 42— HRHEE No.56. 2020 29



FEHUOBMHMFORX LT FOYAR S2a—FDRIIHTEIMENRLE

HEME L TOREMNR
BE ERT KA B RS 2T =R PR R

*RMMIEMNE, ™ M - g ERE, ™ BEARZREREHEERRES (R PREIEXESEEMER)
Dispersible chitosan particles showing bacteriostatic effect against Strevtococcus mutans

and their dental polishing effect

SAITA Kanako*, NAGAOKA Shoji*, SHIROSAKI Tomohiro*, HORIKAWA Maki* and IHARA Hirotaka™

Nontoxic and biodegradable chitosan is potentially useful in various applications. We prepared submicron
chitosan particles with high dispersibility in aqueous solution utilizing the electrostatic interaction phase
separation method described in a previous report, but using citric acid as the polyvalent anionic compound instead
of sodium sulfate. The submicron chitosan particles showed significant antibacterial activity and anti-adhesive
action against Streptococcus mutans, even at around neutral pH. However, chitosan granules showed no antibacterial
activity under the same conditions. The addition of the chitosan particles to dental polishing paste provided
stainless steel discs (the same hardness as dental enamel) with a smoother surface than polishing paste without
additives. In view of their submicron size and antibacterial activity, chitosan particles could potentially be

multifunctional components of oral and dental cleaning materials

1. Introduction Chitosan is a cationic biopolymer of
B—(1,4)-1linked D-glucosamine that is formed by
the deacetylation of chitin,

abundant

the second most
(after

Streptococcus mutans is a Gram—positive

bacterium that is commonly found in the human oral natural polysaccharide

cavity. S mutans produces exopolysaccharides

such as soluble and insoluble glucans, from
dietary sucrose via the action of
glucosyltransferase, and these polysaccharide
products adhere to the surfaces of the teeth"?.
Furthermore, S. mutans induces decalcification
of tooth hydroxylapatite by metabolizing dietary
sugar to lactic acid, thereby creating an acidic
environment that results caries

Therefore, materials with
antibacterial activity against S. mutans would

prevent dental caries during oral health care?.

in dental
dentifrice

Chlorhexidine is commonly wused as the
antimicrobial in oral care, including for dental
caries”. However, chlorhexidine has several side
effects, including taste disorders and tooth
staining. In Japan the use of chlorhexidine in
mucous irrigation has been prohibited since 1985
owing to cases of anaphylaxis. Therefore, natural
and safe agents with antimicrobial activity
against cariogenic bacteria are desired for oral

care.

cellulose). Chitosan serves as a biocompatible
and nontoxic biomaterial and is biodegraded by

98  Chitosan also

lysozymes in human saliva

possesses antibacterial activity against &S

mutans’ " and inhibits bacterial adhesion to the

tooth surface P99,

chitosan has a highly crystalline
derived from

intermolecular hydrogen bonding, and has poor

However,
structure, intra-— and
solubility properties at pH levels greater than
its pKa (76.0). In addition,

demonstrates antibacterial activity in low pH
15)-17)

chitosan only
conditions In our previous studies, we
prepared submicron dispersed chitosan particles
(DCPs)

electrostatic interaction between the cationic

using two phase separation methods;

amino groups of chitosan and polyvalent anionic
compounds, such as sodium sulfate'®; and complex
formation between boric acid and sugar chains
19200 which used no surfactant or organic solvent.
The DCPs were shown to have antimicrobial

activity against Escherichia coli at neutral pH
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18200 " Tn this study, we used phase separation by

electrostatic interaction to prepare DCPs using
citric acid as the polyvalent anionic compound
instead of sodium sulfate as was previously
reported'?.
is edible and is used as a food additive

The aim of this study was to investigate whether
DCPs displayed inhibitory effects against S
mutans at neutral pH, without being affected by
lysozymes. We also aimed to examine the effects
of these DCPs in dental polishing paste. The pre—
pared DCPs demonstrated high dispersibility and
became positively charged indistilled water. The
results demonstrated that the DCPs are of
potential use as multifunctional materials for
their
inhibition of glucan

Citric acid was selected because it

because of excellent
effects,

adhesion and polishing properties

dental care
antibacterial

2. Material and methods

2.1 Materials

Chitosan granules (Chitosan-g, 85 mol%
deacetylated, 70-100 kDa molecular weight range)
was purchased fromDainichseika Color & Chemicals
Mgf. Co., Ltd., Tokyo, Japan. Citric acid and
lysozyme were purchased fromNacalai Tesque, Co.,
Ltd., Kyoto, Japan. Streptococcus mutans NBRC
13955 was purchased from the National Institute
of Technology and Evaluation Biological Resource
Center (NBRC), Tokyo, Japan. Brain heart infusion
(BHI) was purchased from Nippon Suisan Kaisha,
Ltd., Tokyo, Japan and Mitis Salivarius agar
(Difco) was purchased from Becton, Dickinson and
Company, New Jersey, USA.

2.2 Preparation and characterization of DCPs
DCPs were prepared using the phase separation

18200 Chitosan—g was

method, reported previously
dissolved in a given amount of citric acid aqueous
solution (1.0, 1.5 or 2.0 equivalents of citric
acid carboxy groups relative to chitosan amino
groups) at 60°
for 30 min, the chitosan solution was cooled to
20° C. During cooling, the solution gradually
become cloudy and white precipitate was produced;
this indicated that the chitosan interacted

electrostatically with the citric acid. The

C with stirring. After stirring

chitosan particle dispersion was isolated by
filtration.

The obtained DCPs-1.0, 1.5 and 2.0 (1.0, 1.5 and
2.0 equivalents, respectively, of citric acid
carboxy groups relative to chitosan amino groups)
were observed by stereomicroscopy (KH-7700S;
Hirox Co., Ltd., Tokyo, Japan). The particle

sizes were determined using a dynamic flow
particle image analyzer (FPIA-3000; Malvern
Instruments Ltd, Malvern, UK). The zeta potential
of the particles was measured by the laser Doppler
method (Zetasizer Nano ZS; Malvern Instruments
Ltd, Malvern, UK).

2.3 Antibacterial activity

S. mutans was used as a reference for oral
pathogenic bacteria. S. mutans cells were
incubated at 37 °© C for 24 h in BHI medium. The
assay was carried out using DCPs and Chitosan—g
concentrations (as starting materials) in the
range 0. 0025 to 0.1 wt%. The control contained no
chitosan samples. Serial samples were added to
glass vials and mixed with 5 mL Mitis Salivarius
agar (pH 7.0) as a testing medium. The S mutans
culture suspension was inoculated with 2. 0-6. 0 X
10° cfu/mL into the test medium containing
chitosan samples and the glass vials were filled
with CO, gas. The antibacterial activity of the
chitosan samples was analyzed by
microcalorimetry (H-201; Nippon Medical &
Chemical Instruments Co., Ltd., Osaka, Japan) to
record a growth curve of S. mutans incubation at
37 ° C for 24 h.

2.4 Influence of lysozymes

DCPs-1.0 (0.1 wt%) was suspended in artificial
saliva (14.5 mM NaCl, 16.1 mM KCI, 1.31 mM CaCl,
- 2H,0, 0.55 mM MgCly 6H,0 and 1.96 mM K.HPO,) in
sterile plastic tubes as test samples. S. mutans
culture suspension was incubated at 37 ° C for 24
h in BHI medium. The S. mutans culture suspension
(2.0-6.0 X 10° cfu/mL) was then inoculated into
the test samples with and without lysozyme
solutions (11 mg/mL). The culture suspension was
incubated at room temperature on a rotator (3 rpm).
S. mutans viable cell counts of the test samples
were determined on Mitis Salivarius agar at 0, 1,
2, 4, 8, 16 and 24 h.

2.5 Inhibition of polysaccharide adhesion
Hemispheric discs were prepared with denture
resin (Unifast II1; GC Corporation, Tokyo, Japan).
The assay was carried out using DCPs—1.0 and
Chitosan—g concentrations (as starting
materials) in the range 0.0025 to 0.1 wt%. The S.
mutans culture suspension was incubated at 37 ° C
for 24 h in BHI medium. The discs were placed into
BHI medium including 5.0 wt% of sucrose. Next
chitosan samples were added, and the mixture was
inoculated with S mutans culture suspension.
After incubation for 24 hat 37° C, the discs were
removed and the soluble polysaccharides were
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washed off with distilled water (five times). The
adhering insoluble polysaccharides were removed
using ultrasonication (150 W, 38 kHz, 1 min). The
insoluble polysaccharides was
determined by the phenol-sulfuric acid method.

amount  of

2.6 Polishing effect

Polishing test samples were prepared by mixing
Chitosan—g or DCPs—1. 0 dispersion (1.0 wt%, 64 g)
with 40 g of polishing paste?”. As the polishing
paste contained diatomite powder (mean diameter
37 = 10 um), Adonest coarse, Neo Dental Chemical
Products Co., Ltd was used. Stainless steels
discs (Vickers hardness: 323; surface roughness
(R.) : 180. 1 nm; 304 CSP; Sinto Kogyo, Ltd., Nagoya,
Japan) were used as specimens in the polishing
test. Because the polishing system consists of a
stainless steel substrate, we adopted a polishing
method for the chemical mechanical planarization
of the surface of a semiconductor substrate, such
as a silicon wafer®.
The polishing test was carried out using the
polishing system (MA-300e; Musashino Denshi, Co.,
Ltd., Musashiono, Japan) at a rotation speed of
100 rpm, a polishing time of 30 min, a polishing
test sample dropping rate of 2.5 mL/min, and with
distilled water as the lubricant. It is known that
the polishing pressure is 200-1000 g in the case
of adults®. Therefore, to ensure an adequate
load in the polishing experiment, 400 g of
pressure was set. Also, in order to observe
significant damage, planarity and scratches on
the surface, we adopted a polishing time of 30 min.
After the polishing test,
with tap
ultrasonicated in distilled water for 5 min to
completely remove the polishing test sample. The
initial and final R, of the stainless steels discs
was measured by stylus profilometry (Dektak 150;
Bruker Corporation, Massachusetts, USA).
measurements of R, were determined on random
parts of the stainless steel discs, and the mean
and standard deviation were calculated. The
initial and final surfaces of the stainless steel
discs were observed by stereomicroscope
(KH-7700S; Hirox Co. Ltd.).

the stainless steel

discs were washed water and

Five

3. Results and discussion

3.1 Characterization of DCPs

DCPs were prepared by the phase separation
method using citric acid as the polyvalent anion.
After dissolving Chitosan—g in aqueous citric
acid solution, the solution gradually became
turbid on cooling to room temperature. The

turbidity of the suspension changed with
increasing citric acid concentration, as shown in
Figure S1. Over the course of 1 hour of
precipitation, the upper region of the suspension
gradually became clear in the case of DCPs—1. 5 and
-2.0. This indicated that on the addition of
acid, DCPs-1.5 and -2.0 gradually
precipitated owing to their increasing size,

resulting from aggregation (Figure 1). In
contrast, DCPs—1.0 maintained a particle
dispersion of submicron size without aggregation.
As shown in Figure 2-a, the particle size of the
DCPs increased with the addition of citric acid.

The particles were thought to be formed by ionic
interaction between the amino groups of chitosan
and the carboxy groups of citric acid. The
increase in aggregation of the DCPs was caused by
an increase in ionic interaction with excess
acid. The Chitosan—g aggregates of
chitosan ground—microproduct had an average
aggregate size of 17.9 um measured using a
dynamic flow particle image analyzer (Figure 2-a).
Chitosan—g had a wide particle size distribution
and showed aggregates of greater than 100 um
(Figure 1). In contrast, the dispersed DCPs—1.0
had a size of 1.8 um and narrow size distribution,

as observed by stereomicroscopy.

citric

citric

Chitosan-g

. DCPs-2.0

Figure 1. Stereomicroscope images of DCPs
(DCPs—1.0, 1.5 and 2.0) or granules (Chitosan—g)
in aqueous dispersion.

Zeta potential indicates the electric charge on
a particle surface by electrophoresis. For DCPs,
the zeta potential is attributed to protonated
amino groups on the particle surface (Figure 2-b).
The DCPs had better dispersibility owing to
electrostatic repulsion among the positively
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which resulted for the
increased cationic properties of the DCPs.
Therefore, the antibacterial activity of DCPs in

charged particles

disrupting negatively charged bacterial surfaces
of the DCPs
increased with the positive charge of DCPs—1.0
(19.63 £ 0.49 mV), DCPs—1.5 (11.53 £ 0.32 mV)
and DCPs—2.0 (8.76 = 0.74 mV).

increased. The =zeta potential

a)

E

E

500 |

Particle mean diameter (pm)
=
B

:

DCPs-1.0 DCPs-1.5 DCPs-2.0 Chitosan-g

b) 25.0

Zeta potential (mV)

DCPs-1.0

DCPs-1.5

DCPs-2.0
Figure 2. Particle size (a) and zeta potentials
(b) of DCPs—1.0, 1.5 and 2.0 or chitosan granules

(Chitosan—g)
sizes were determined using a dynamic flow

in aqueous dispersion. Particle
particle image analyzer. All measurements were
performed

calculated.
using a laser Doppler method. All measurements

in triplicate, and the mean was

Zeta potentials were determined

were performed in triplicate, and the mean and
standard deviation were calculated. The error
bars indicate one standard deviation from the
mean.

aggregation of the DCPs was
significant  (by
stereomicroscopy) with the addition of citric
acid, as shown in Figure 1. This indicated that
the number of free
decreased with the addition of citric acid.

In addition,
observed to be more

chitosan amino groups

3.2 Antibacterial activity

Oral care products should have a pH around
neutrality which
constitutes approximately 95% of dental enamel,

because  hydroxyapatite

experiences demineralization and dissolve

rapidly below pH 5.5. We investigated the

antibacterial activity of DCPs and Chitosan—g
against the oral pathogenic bacterium S mutans
at neutral pH. We used isothermal
microcalorimetry to monitor the bacterial growth.
In this in the

represents the logarithmic phase of growth®. As

system, a peak thermogram
can be seen from Figure 3, the peak was delayed
added to

sample—compared with a control (without DCPs). In

or undetected when DCPs were

the evaluation of antibacterial activity using
isothermal microcalorimetry, the minimum
inhibitory concentration (MIC) exhibited almost
the same thermogram as the blank (no inoculum)
[25). In Figure 3, the thermogenetic peak of DCPs
was absent (0.05 wt.% for DCPs—1.0 and 0.1 wt.%
for DCPs—1. 5 and —2. 0) compared with the control,
in spite of giving a little rise to the thermogram
compared with the blank.
activity of DCPs was thought to be bacteriostatic

activity, which leads to growth delays rather

The antibacterial

than growth inhibitory activity against S. mutans.
At all (0.0025-0.1 wt%) of
Chitosan—g, the observed growth of S. mutans had
a thermogenesis pattern that was almost identical
to that of the control. This indicated that the
Chitosan—g had no antibacterial activity. The

concentrations

zeta potential of Chitosan—g was approximately 16
mV. Therefore, the positive charge of DCPs and
Chitosan—g increased in the order DCPs-1.0 >
Chitosan—-g> DCPs-1.5> DCPs—2.0 (Figure 2).
Similarly, the apparent pKa value of Chitosan—g
and DCPs was also considered to increase in the
In contrast, the
antibacterial activities of all types of DCP were
higher than that of Chitosan—g, despite the
apparent pKa or zeta potential values. These

order of positive charge

phenomena are attributed to the size effect of the
DCP particles. This suggests that DCPs-1.0, —1.5
and DCPs—2.0 have more contact sites with the
bacteria surface than Chitosan—g. That is, DCPs
have more free amino groups that are able to
DCPs,
which are positively charged, inhibit bacterial

actually drive antibacterial activity.

growth by forming perturbing interactions with
the negatively charged bacterial outer membrane,
leakage'™ 2 0 As
detailed in our previous report?®, scanning
(SEM)  revealed that
chitosan—S04* particles cause the bursting of £
coli cells (Figure S2). The higher antibacterial
activity of 0.05 wt% DCPs-1.0 over that of
DCPs—1.5 and 2.0 is attributed to the fact that
DCPs—1. 0 has the highest dispersibility and the
greatest positive charge. This is derived from

leading to cytoplasmic

electron microscopy

the regular accumulation of free cationic amino
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groups on the DCPs surface

Chitosan-g | DCPs-1.0
A Control AN Control
> f 0.0025 wt% - 0.0025 wt %
2 \ 0.0075 wt.% 2 0.0075 wi.%
2 00125 wt% 2 0.0125 wi.%
E 0025 wt% E
2 005 wt% 2
s . s 0.05 W%
? 0.l wi% ; ‘
S | 4 0.025 wete —
B s | o — fo1 wn
‘I!I)nk y
f r 4Blank
0 6 12 18 24 0 6 12 18 24
Incubation time (h) Incubation time (h)
- Ps- | > 2.
A Control DCPsLS | A Cootrol DCPs-2.0
< 0.0025 wt.% o 0.0025 wt.%
2 0.0075 wt.% = 0.0075 wt.%
; \ 0,012 A ; 0.0125 o
g { 0025 wi% £ 0,025 wt%
2 \ 2
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$0.05 wse | 0.05 wi.¥
/ fnl W% s 401 w%
'/ | . 4 Blank
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Figure 3. Antibacterial activity of Chitosan—g or
DCPs—1.0, 1.5 and 2.0 concentrations in the range
of 0.0025 to 0.1 wt% against S. mutans, as
determined by growth thermogram. Control: no

chitosan samples. Blank: no inoculum.

The antibacterial activity of other chitosan
materials against S. mutans at around neutral pH
has been reported. High and low molecular weight
chitosan were reported to have MIC and MBC of a
few mg/mL'Y, the MIC of water—soluble chitosan
was found to be 1.25 g/L'®. The antibacterial
activity of DCPs demonstrated that expanding the
specific surface area of DCPs by particulation
provided a greater number of interaction points
between the free amino groups of the DCP surface
and the negatively charged cell wall of S. mutans.
In contrast, chitosan nanoparticles displayed

28)

superior antibacterial activity”™, however

chitosan nanoparticles prepared by ionic

gelation have been reported to show poor
reproducibility and limited
physicochemical understanding of the particle

formation, which has inhibited their biomedical
29)

there is

application
Because of its superior antibacterial activity
DCPs—1.0 was
selected for the study of the effect of lysozymes
on antibacterial activity and polysaccharide

over the other formulations,

adhesion of S. mutans, and the polishing effect
of stainless steel discs

3.3 Influence of lysozymes

Figure 4 shows the antibacterial activities of
DCPs-1.0 (particle concentration: 0.1 wt%)
against S, mutans under the influence of
lysozymes in artificial saliva. The lysozyme

concentration (11 mg/mL) used was based on the

concentration of lysozyme in saliva secreted as

a result of stimuli®®

. The viable cell counts of
S. mutans in the control sample showed little
change over 24 h, with or without lysozymes. In
the presence of DCP, the viable cell counts of S.
mutans gradually decreased over the first 8 h, and
were also not detectable after 16 h, with or
without lysozymes. In general, chitosan can be
degraded to 96
Moreover, the low molecular weight chitosan and
oligosaccharide that the
produces as degradation products of chitosan,

D-glucosamine by lysozymes

chitosan lysozyme
show greater antibacterial effect, owing to their
solubility in  water®. The
combination of chitosan and lysozyme showed

increasing

antibacterial effects against S. mutans compared
with chitosan only®. This inhibitory effect is
thought to be derived from the products of
chitosan degradation by lysozyme or independent
inhibitory effect of chitosan and lysozyme.
DCP-1. 0 was difficult to degrade using lysozyme,
which is attributed to the particle shape. Based
on these observations, lysozyme is not thought to
affect the antibacterial activity of DCP-1.0

10X 10%

B Contrel, +
@ Centrel, -
1Lox10* ® DCPs-1.0, +

© DCPs-1.0,~

1Lox10!

Viable cell count (cfu/ml)

1 2 4 8 16
Incubation time (h)

Figure 4. Influence of lysozymes in artificial
saliva on the antibacterial activity of DCPs-1.0
against S. mutans. The change in viable cell count
of S mutans, with (+) or without () the addition
of 11 mg/mL lysozyme, for the no chitosan sample
(control) and the DCPs—1.0 sample is shown. All
measurements were performed in triplicate, and
the mean and standard deviation were calculated.
The error bars indicate one standard deviation
from the mean.

3.4 Inhibition of polysaccharide adhesion
Cariogenic bacteria, including S. mutans, form
biofilms known as plaque on the surface of teeth.
In plaque, exopolysaccharide matrix produced by
the cariogenic bacteria fills the extracellular
Insoluble
glucan produced by glucosyltransferase of S.

space among the bacterial colony.

mutans is one of the components exopolysaccharide

matrix, and 1is strongly adhesive. Table 1
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summarizes the effect of DCPs and Chitosan—g on
the adhesion of  insoluble &
polysaccharides to denture resin discs. DCPs—1.0
showed no polysaccharide
concentrations as low as 0.025 wt%, which were
found to exhibit a little bacteriostatic activity
in Figure 3. Low molecular weight chitosan was
reported to show inhibition of adhesion on
hydroxyapatite beads at sub-MIC'”. It appears
that the antibacterial activity of chitosan
relates to the inhibition of adhesion, therefore
the viability of S mutans on glass slide
decreased after treatment with chitosan'”.
Although inhibition of the adhesion effect of
DCPs is thought to have the same mechanism, it may
also be that chitosan at a concentration of
bacteriostatic activity or sub-MIC, influences
the production of glucosyltransferase of S
mutans by interfering with the negatively charged
S. mutans cell wall. The mechanism of chitosan and
DCP inhibition of &S
insoluble glucan requires further investigation.

mutans

adhesion at

mutans adhesion via

Table 1. Insoluble glucan content on disc from S.

mutans with control (no chitosan sample),
Chitosan—g and DCPs-1.0.
Sample Concentration (wt%)  adherent polysaccharide (ng)
Control - 89.0+4.1
Chitosan-g 0.025 7.0+1.9
0.05 9.6+3.2
0.1 9.8+0.7
DCPs-1.0 0.025 0.0+0.0
0.05 0.0+0.0
0.1 0.0+0.0
Incubation condition: 37 ° C, 24 h. All

measurements were performed in triplicate, and
the mean and standard deviation were calculated.

3.5 Polishing effect

DCPs—1. 0 were added to dental polishing paste
to clean, whiten and smoothen dental surfaces
Figure 5
stainless steel discs treated with various types
of polishing paste and those that were
non—-treated. The initial and final surfaces of
the stainless steel discs were observed by

summarizes the abbreviations of

stereomicroscopy, as shown in Figure 5. The
stainless steel discs, which have a similar
hardness level to dental enamel (Vickers

hardness: 323), were used for the polishing test.
The rough spots were mostly observed on the
surface of stainless steel without
treatment. Treatment with polishing paste
generated scratches instead of removing the rough
spots.

Subsequently, treatment with polishing paste

discs

32)33)

that contained DCPs—1. 0 also generated scratches.
However, the scratches appeared to be shallower
than those obtained from treatment with the
chitosan—free polishing paste (Figure 5-c). In
contrast, treatment with polishing paste that
contained Chitosan—g generated deeper scratches
than any other treatment. The R. of the stainless
steel disc treated with polishing paste
containing DCPs—1. 0 was the smallest of all of the
discs (Figure 5—-d). Because DCPs—1.0 has a small
size (C1.0 um), they are likely to absorb the
shock of the polishing agent against the tooth
efficiently. In addition, the intermolecular
distance between the chitosan chains appears to
expand easily because of the positive charge of
the DCPs—1.0 at neutral pH. Therefore, it was
suggested that the DCPs—1.0 had a positive
polishing effect on the surface of stainless
steel discs.

R:IS0X 116 nm

R,:108.6X19.5 nm'

Figure 5. Stereomicroscope images of stainless
steel discs treated with various types of
polishing paste and their surface roughness (R,)
(A11 measurements were performed in quintet, and
the mean and standard deviation were calculated. ).
a) original (non—treatment) disc, b)
Disc—non—additive, c¢) Disc—Chitosan—g and d)
Disc—-DCPs—1. 0.

4. Conclusion

DCPs were prepared by the phase separation
method using citric acid as the polyvalent anion.
At neutral pH, the prepared DCPs showed high
dispersibility. They also demonstrated higher
antibacterial activity than Chitosan—g against S.
mutans, without being affected by lysozymes.
Furthermore, the DCPs—1.0 displayed greater
inhibitory effects on the of S
mutans—derived insoluble glucans than Chitosan—g.

adhesion
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Finally, the treatment of stainless steel discs
with dental polishing paste containing DCPs—1.0
provided a smoother surface than those treated
with dental polishing paste without additives
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