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木質 3層構造材の遮音性能（第 3報）†
合板を非対称配置した 3層壁の音響透過損失＊1

中村哲男＊2, 5，矢野　隆＊2，村上　聖＊2，川井敬二＊2，
江藤留寿＊3，北原良誠＊4

Sound Insulation of Wooden Three-layered Material III.†
Sound transmission loss of asymmetrically bound three-layered walls＊1

Tetsuo NAKAMURA＊2, 5, Takashi YANO＊2, Kiyoshi MURAKAMI＊2,
Keiji KAWAI＊2, Tomehisa ETOH＊3 and Ryosei KITAHARA＊4

　In the present study, the sound insulation of three-layered walls composed of cedar timber and ply-
wood were measured and evaluated in accordance with JIS A 1416 and JIS A 1419－1, and they were 
compared with those of conventionally constructed walls.  Two types of three-layered walls were in-
vestigated : symmetrically bound walls, whose front and back layers are composed of plies of equal 
thickness, and asymmetrically bound walls, whose front and back layers are composed of plies of un-
equal thickness.  The following results were obtained.  Asymmetrically bound three-layered walls pro-
vide better sound insulation in low and middle frequency ranges than symmetrically bound three-lay-
ered walls.  The coincidence effect in three-layered walls in the range of 2000－3000 Hz is less than that 
in two-layered walls.  Three-layered walls are good sound insulators, and the insertion of glass wool 
has little effect on their sound insulation and The insertion of an air layer has little effect on the sound 
insulation of three-layered walls whose layers have the same surface density and same material compo-
sition.

　Keywords :  sound insulation, asymmetrical composition, three-layered walls, cedar plywood, air lay-
er.

　本研究では，スギ角材およびスギ合板の表面材と中心材，裏面材を組み合わせて，対称配置（表
面材と裏面材の厚さが同じ）あるいは非対称配置（表面材と裏面材の厚さが異なる）した３層構
造壁の音響透過損失を JIS A 1416，JIS A 1419－1 により測定・評価し，在来工法の壁材と比較
した。結果は以下のとおりである。同一面密度で表面材と裏面材を非対称配置とすると，対称配
置とするよりも低周波帯域と中周波数帯域で遮音性能が改善できる。３層構造壁は，２層壁に見
られる2000 Hz から3000 Hz 帯域にかけて現れるコインシデンス効果が現れにくい。３層構造壁
の遮音性能は比較的高いため，グラスウールを充填した効果は小さい。同一面密度で同一材料構
成の３層構造壁の場合，片側の空気層の厚みを増しても，空気音遮断効果は向上しない。

† Report II : This journal 56, 93－103 （2010）.
＊1 Received August 18, 2010 ; accepted December 10, 2010.　本研究の一部は第16回日本木材学会九州支部大会（2009
年11月，沖縄）で発表した。
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＊3 ㈱伸巧　Shinko Co Ltd., Kumamoto 862－0920, Japan
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＊5 熊本県産業技術センター　Kumamoto Industrial Research Institute, Kumamoto 862－0901, Japan
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1.　緒　　　言

　ホテルや集合住宅などに使用されているRC構造
壁の遮音性能を向上させるため，モルタルの塗り増
しや空気層を設けずにボードを貼り増して壁重量を
20％程度増やしても，質量則によって遮音性能は 1
～2 dB しか向上しない。そのため，RC壁の遮音性
能を向上させるために，壁の片面または両面に独立
のふかし壁を設けた二重壁や三重壁とする方法1）

や，木質系・鉄骨系住宅の界壁の遮音性能を向上さ
せるために，同じく壁の片面または両面に石膏ボー
ドを設けて二重壁，三重壁とする方法2）が見られる
が，木質系素材のみを使った多層構造の木造住宅用
壁についての知見は少ない。
　筆者らは，前報3）において，生活環境の質を向上
させることを目的として，厚さの異なるスギ構造用
合板を表面材，中心材，裏面材に用いて，表面材と
裏面材の厚さを同じ（以下，対称配置）にして，空
気層厚みを変えた３層構造の壁材を試作し，これら
と現在建設されている工法で作られた壁材との遮音
効果を比較した。その結果，３層構造壁は在来工法
壁に比べ，全周波数帯域で高い遮音性能を示した。
さらに，2000 Hz から4000 Hz 帯域にかけてのコイ
ンシデンス効果が出にくく，二重壁において懸念さ
れるコンセント穴加工による空気音遮断性能の低減
は殆ど認められず，中心層の空気音遮断効果が確認
できた。また，一般に，RC 壁や ALC 壁片面ある
いは両面にGLボンドを用いた二重あるいは三重壁
においては，200 Hz から400 Hz 帯域に共鳴透過に
よる著しい遮音欠損が発生するが，今回開発した３
層構造壁すべてで，共鳴透過による遮音欠損を低減
する効果が認められることなどについて報告した。
　本報は，遮音性能がより高い３層構造壁の開発を
目指して，前回の試験で実施した表面材と裏面材の

厚さを同じとした対称配置に対して，表面材と裏面
材の厚さを変えて非対称に配置した際の効果や，面
密度の効果，中心材の厚みの効果などについて検討
したものである。そのため，本文では前報3）のデー
タを一部用いている。

2.　実　　　験

2.1　測定用材料および条件
　供試体はTable 1 に示す在来工法壁と３層構造壁
である。在来工法壁は105 mmの空気層を有し，内
部に50 mmのポリスチレンフォームを挿入し，12.5 
mmのプラスターボードと 9 mmのラワン合板で構
成される。３層構造壁はTable 1 に記載する条件で
Fig. 1 に示す構造で組み立てた。No. 1 は在来工法
による２層壁である。 No. 2～No. 4 が対称配置の３
層構造壁であり，スギ合板の配置を12 mm，24 
mm，12 mm，および12 mm，2 mm，12 mm とし
ている。No. 5～No. 8 が今回新たに試作した非対称
配置の３層構造壁であり，スギ合板の配置を12 
mm，12 mm，24 mm お よ び12 mm，24 mm，24 
mmとした。なお，Table 1 に示すNo. 1～4 は前報3）

のデータを用いた。
2.2　壁材の空気音遮断性能試験
　測定方法は前報3）と同じく，熊本大学の残響室に

Table 1.　Conditions of wall materials.

8
7
6
5
4
3
2

1

No.

12 Cedar-plywood
24 Cedar-plywood
24 Cedar-plywood
12 Cedar-plywood
24 Cedar-plywood
12 Cedar-plywood
24 Cedar-plywood

Center material 

12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood

12.5 Plaster-board

Surface material
（mm）

66（GW）
105（No GW）
105（GW）
105（GW）
66（GW）
66（GW）
105（GW＊）

Upper air-layer
thickness
（mm）
105

（50 t Polystyrene form）

Lower air-layer
thickness
（mm）

66
66
66
66
66
66
66

Specific
density
（kg/m2）

31.7
37.7
39.5
33.5
31.7
23.7
33.5

20.7

Outlet
hole

No
No
No
No
No
No
No

No

Back material
（mm）

24 Cedar-plywood
24 Cedar-plywood
24 Cedar-plywood
24 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood
12 Cedar-plywood

9 ply wood

Note　:　GW＊　:　Glass wool insulation, 32 K, 50 t

Fig. 1.　Cross-section of three-layered wall.
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この場合の重みつき音響透過損失（以下Rw），音響
透過損失等級（以下Rr）および100 Hz～2.5 kHz の
平均音響透過損失の算術平均（以下 Rm（1/3））を
Table 2 に示す。
　Table 2 から，片側空気層を105 mmとしたNo. 2 
と No. 5 の Rr と Rm（1/3） は同じ値を示したが，表面
材と裏面材の厚さを変えた非対称配置の No. 5 の
Rw は No. 2 より 2 dB 空気音遮断性能が高かった。 
また，片側空気層が66 mmの No. 4 と No. 8 の場合
では，Table 2 から，Rr は同じ値を示したが，表面
材と裏面材の厚さを変えた非対称配置の No. 8 の
Rw と Rm（1/3） は対称配置のNo. 4 よりそれぞれ 2 dB
と 1 dB 空気音遮断性能が高かった。
　No. 2 と No. 5 の空気音遮断性能の周波数特性と
等級（等級曲線）の関係を Fig. 3 に，No. 4 と No. 
8 の空気音遮断性能の周波数特性と等級（等級曲線）
の関係を Fig. 4 に示す。Fig. 3 には，本研究で試作
した壁材と比較検討するため，コントロール材とし
て実際に施工されている方法で制作した在来工法壁
材 No. 1 ならびにALC 工法壁の特性4）も併せて記
載する。
3.1.1　低周波帯域での効果
　Fig. 3 から片側空気層を105 mm とした No. 2 と
No. 5，および在来工法のNo. 1 について検討すると，
No. 1 では100 Hz から160 Hz にかけて共鳴透過によ
る遮音欠損が見られる。
　なお，２層壁材である在来工法のNo. 1 の低音域
で起きる共鳴透過周波数（以下 frmd）は次式5）で求
めた。
　　 （m1＋m2）/（m1m2）×（ρc2/d1）frmd＝1/2 ×π  （1）
ここで，m1，m2：表面材それぞれの面密度（kg/
m2），d1：中空層の厚さ（m），ρ：空気の密度（1.025 
kg/m3），c：空気中の音速（344 m/s）
　式（1）から導かれた共鳴透過周波数は115 Hz であ
ったが，今回の試験では125 Hz 域で出現し，ほぼ

おいて，JIS A 1416に準拠して行った。
　透過損失の測定方法は前報3）と同じであり，雑音
信号発生器（ヤマハ㈱社製MS－400）で発生させた
ホワイトノイズを Fig. 2 に示す第２残響室で再生
し，第１残響室と第２残響室に設置したそれぞれ５
個のマイクロホンで受音し，多チャンネル分析処理
器（リオン㈱社製 SIGNAL ANALYZER SA－01）
を用いて 1/3 オクターブ周波数分析を行った。また，
供試体の空気音遮断性能は JIS A 1419－1 により，
空気音遮断性能の等級曲線を用いて評価した。

3.　結果及び考察

3.1　構成材の配置の効果
　ここでは片側空気層が105 mm，66 mmの場合に，
それぞれ中心材と裏面材を入れ替えたNo. 2 と No. 
5，No. 4 と No. 8 について検討する。なお，No. 2 と
No. 5，No. 4 と No. 8 はそれぞれ同じ面密度である。

Fig. 2.　Plan and cross-sections of reverberation room.

Sound insulation indices of （conventionally 
structured wall）, No. 2, No. 3, No. 4, No. 5, 
No. 6, No. 7, No. 8 and ALC150.

Table 2.

No. 1
No. 2
No. 3
No. 4
No. 5
No. 6
No. 7
No. 8
ALC150

Sample No.
38
41
41
41
43
42
41
43
40

Rw
30
35
35
35
35
35
35
35
30

Rr
34
38
37
37
38
38
37
38
38

Rm（1/3）



　206 ［木材学会誌　Vol. 57, No. 4中村哲男　他

測定値と近い値を示した。なお，Table 3 に Table 
1 に示す No. 2～No. 8 それぞれの，表面材と中心材
の組み合わせ，ならびに中心材と裏面材の組み合わ
せについて，（1）式による frmd を示す。
　Fig. 3 から表面材と裏面材の厚さを変えた非対称
配置のNo. 5 は表面材と裏面材を同じ厚さとした対
称配置のNo. 2 よりも125 Hz 帯域の透過損失は大き
い。同様に Fig. 4 から非対称配置のNo. 8 は対称配
置のNo. 4 よりも125 Hz 帯域の透過損失は大きい。
　Table 3 から No. 2，No. 4，No. 5，No. 8 の表面材
と中心材の組み合わせ，ならびに中心材と裏面材の
組み合わせそれぞれの共鳴周波数の比を計算する
と，No. 2 では102/81＝1.26，No. 4 では102/102＝1.0，
No. 5 では102/94＝1.09，No. 8 では102/118＝0.86と
なる。Fig. 4 からは，非対称工法であるNo. 8 の共
鳴周波数の比が１から離れることによって振動が起
きにくいことが想定される。しかし，Fig. 3 におい
ては対称工法であるNo. 2 が No. 5 よりも比が大き
くなっているにもかかわらず，No. 5 の遮音性能が
優れており，No. 2 と No. 5 については（1）式による
共振周波数の一致性からは説明がつかない。

　RC造住宅において，RC壁やALC壁へ GLボン
ドにより空気層をもたせて，同一厚みのプラスター
ボードを片面あるいは，両面に貼り合わせた２層あ
るいは３層構造壁の遮音性能6）や ALC 壁に空気層
をもたせて両面に合板を貼り合わせた３層構造壁の
遮音性能7）も報告されている。いずれも200 Hz～

Fig. 3.  Effect of the placement of component materials 
of three-layered wall with 105 mm and 66 mm 
air-layers.

Resonance frequency for the combination of 
front and middle boards and that of middle 
and back boards for No. 2, No. 3, No. 4, No. 5, 
No. 6, No. 7 and No. 8.

Table 3.

No. 2
No. 3
No. 4
No. 5
No. 6
No. 7
No. 8

Sample No.
frmd of

front and middle
boards
81
118
102
94
81
81
118

frmd of
middle and
back boards
102
118
102
102
84
84
102

Fig. 4.  Effect of the placement of component materials 
of three-layered wall with two 66 mm air-lay-
ers.



　2011年７月］ 207木質３層壁の音響透過損失

400 Hz 帯域にかけて共鳴透過による遮音欠損が生
じるとしているが，10 mm程度の空気層の場合で
あり，今回の試験体では空気層が66 mm，105 mm
と大きく，共振周波数は低域に現れる。
　剛板との間に厚さL（m）の空気層をおいて貼ら
れたベニヤ板などの板材料では板の剛性によって共
振周波数が変化する8）。Table 4 に Table 1 に示す
No. 2～ No. 8 それぞれの中心材を剛板と仮定して，
表面材と中心材，ならびに中心材と裏面材を組み合
わせた場合の共振周波数の計算値を示す。なお，共
振周波数は次式8）で求めた。
　　 1.4×105/mL＋K/mf＝1/2 ×π （Hz） （2）
ここで，m：表面材単位面積あたりの質量（kg/
m2），L：剛壁との間の空気層（m），K：板の剛性
（kg/m2s2）
　Table 4 から共振周波数は，中心材や空気層の厚
みに関係なく，表面材，裏面材いずれにおいても表
面材が12 mm の場合141 Hz もしくは142 Hz，24 
mmの場合100 Hz であった。
　（1）（2）式のいずれにせよ，対称配置の場合には両
側の共振周波数がほぼ等しいために125 Hz 帯域に
遮音欠損が生じたものと考えられる。
3.1.2　中周波帯域での効果
　Fig. 3 から250 Hz ～630 Hz の周波数帯域におい
て，片側空気層を105 mm とした No. 2 と No. 5 の
透過損失を比較すると，中周波帯域では対称配置の
No. 2 よりも非対称配置のNo. 5 の空気音遮断効果
が優れている。同様に Fig. 4 から250 Hz ～800 Hz
の周波数帯域において，片側空気層を66 mmとし
た No. 4 と No. 8 でも，対称構造の No. 4 よりも非
対称配置のNo. 8 の空気音遮断効果が優れている。
中周波帯域において，非対称配置の３層構造壁の遮
音性能が対称配置よりもよいことには理論的な裏付
けがあるはずであるが，単純な共振現象では説明が
つかず，今後の検討課題としたい。

3.1.3　高周波帯域での効果
　在来工法壁は等級曲線で評価される範囲からはず
れるが，2000 Hz から4000 Hz にかけて大きな壁の
音響透過音損失の低下（コインシデンス効果）が認
められるため，高音域に対する遮音性能は低い。
　なお，本試験に用いた合板のコインシデンス限界
周波数 fc は次式5）で与えられる。
　　 12ρm（1－σ2）/Efc＝c2/2 h×π （Hz） （3）
ここに，h：材料の厚さ（m），ρm：材料の密度（kg/
m3），E：材料のヤング率（N/m2），σ：材料のポ
アソン比，c：音速（m/s）。
　式（3）により，9 mmラワン合板の場合は，材料
の密度ρm＝650 kg/m3，ヤング率 E＝6.3×109，ポ
アソン比＝0.164として2323 Hz であった。また，今
回用いたスギ合板については，かなり密度の高いも
ので，12 mm スギ合板の場合，材料の密度ρm＝
650 kg/m3 であった。ヤング率E＝5×109，ポアソ
ン比＝0.164として1956 Hz，24 mmスギ合板の場合，
材料の密度ρm＝650 kg/m3，ヤング率E＝5×109，
ポアソン比＝0.164として978 Hz，12.5 mm プラス
ターボードの場合，材料の密度ρm＝900 kg/m3，ヤ
ング率E＝2.0×109，ポアソン比＝0.164として3493 
Hz となる。Fig. 3 では No. 1 は2500 Hz を中心に
2000 Hz から4000 Hz にかけて急激な遮音性能の低
下が見られ，ほぼ計算値と近い結果を示している。
　ところで，プラスターボードやラワン合板を単層
あるいは積層した２重壁の透過損失に関する知見は
多く見られるが，いずれも2000 Hz から4000 Hz に
かけてのコインシデンス効果が顕著である。
　これに対し，３層構造壁は在来工法のNo. 1 に比
べ，対称構造ならびに非対称構造でも2000 Hz 以降
の周波数帯域で顕著なコインシデンス効果が現れに
くくなっている。しかしながら，Fig. 3 では1000 
Hz 以上の周波数帯域で片側空気層を105 mmとし
た対称配置のNo. 2 が非対称配置のNo. 5 よりも空
気音遮断性能が優れている。一方，Fig. 4 では高周
波帯域で対称配置のNo. 4 と非対称配置の遮音性能
に差がない。この原因も今のところ不明であり，事
実の記述にとどめたい。
3.2　グラスウール充填効果
　ここでは片側空気層を105 mmとし，表面材を12 
mm，中心材および裏面材を24 mmの非対称配置構
造とした壁材No. 7 とそれにグラスウールを充填し
たNo. 6 との空気音遮断性能効果を比較する。この
場合の空気音遮断性能の周波数特性と等級（等級曲
線）の関係をFig. 5 に示す。
　Fig. 5 からグラスウールを充填したNo. 6 の透過

Resonance frequency of front and back 
boards of No. 2, No. 3, No. 4, No. 5, No. 6, No. 7 
and No. 8.

Table 4.

No. 2
No. 3
No. 4
No. 5
No. 6
No. 7
No. 8

Sample No.
Resonance
frequency of
front boad
141
142
142
141
141
141
142

Resonance
frequency of
back board
142
142
142
100
100
100
100
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損失はグラスウールを充填しない No. 7 と比べて
100 Hz および800 Hz～1250 Hz にかけてほぼ同じで
あるが，それ以外の周波数域では 1～3 dB 大きかっ
た。また，Table 2 から Rr は同一値を示したが，
Rw と Rm（1/3） の差は 1 dB 大きかった。一般に，グ
ラスウールを充填することにより空気音遮断性能が
かなり向上する傾向が見られるが，24 mm厚の合
板を用いることで高周波帯域でのコインシデンス効
果が押さえられたことによると考えられる。前報3）

において，12 mm厚の合板３枚で構成された３層
構造壁ではグラスウールを挿入することによって，
高周波帯域で 5 dB 以上の遮音性能の向上が見られ
たが，12 mm，24 mm，12 mm 厚の合板で構成さ
れた３層壁ではグラスウールを挿入しても高周波帯
域で遮音性能は殆ど向上せず，今回と同様の知見を
得ている。
3.3　中心材の厚み（面密度）の効果
　表面材の厚さを12 mm，裏面材の厚さを12 mm
の対称配置構成の場合も中心材の厚みを12 mm（No. 
3）から24 mm（No. 4）に変えて面密度の効果を調

べる。また，表面材の厚さを12 mm，裏面材の厚さ
を24 mmの非対称配置とした壁材において，中心
材の厚みを12 mm（No. 5）から24 mm（No. 6）に
変えることで面密度の効果を調べる。この場合の空
気音遮断性能の周波数特性と等級（等級曲線）の関
係をFig. 6 に示す。
　Fig. 6 から，対称配置構成で，中心材の厚みを12 
mm から24 mm に変化した場合，100 Hz～200 Hz
にかけて面密度の大きいNo. 4 は No. 3 よりも，僅
かに遮音性能が高いことを示している。それ以上の
中・高音域では面密度の小さいNo. 3 の遮音性能が
低くなる傾向を示したものの，その差は僅かであり，
Table 2 に見られるように Rw，Rr，Rm（1/3） はいず
れも同じ値を示した。
　同様に，非対称配置構成で，中心材の厚みを12 
mm から24 mm に変化した場合，100 Hz～160 Hz
にかけて面密度の大きいNo. 6 は No. 5 よりも，僅
かに遮音性能が高いことを示している。それ以上の
高音域では1600 Hz までむしろ遮音性能が低くなる
傾向を示したものの，その差は僅かでRm（1/3） は同
じであり，No. 6 の Rw は No. 5 に比べ僅か 1 dB 低
いだけであった。

Fig. 5.　Effect of glass wool on sound insulation. 

Fig. 6.　Effect of surface density on sound insulation.
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　本試験に用いた合板のコインシデンス限界周波数
fc は，前述の式（3）により，12 mmスギ合板の場合
1956 Hz，24 mmスギ合板の場合978 Hz となる。本
試験に用いた合板の長辺は1.8 m であるので，その
最低次の共振周波数は94.4 Hz である。質量則によ
る面密度の効果は固有周波数の３倍程度の周波数帯
域からコインシデンス限界周波数までの283 Hz～
978 Hz および283 Hz～1956 Hz となるが，この周波
数帯域での明確な効果は見られなかった。 
　No. 3 と No. 4，No. 5 と No. 6 はそれぞれ中心材の
厚さ12 mmと24 mmであり，その面密度はそれぞ
れ23.7 kg/m2 と31.7 kg/m2，33.5 kg/m2 と39.5 kg/
m2 であった。この程度の面密度の増加では空気音
遮断性能に差は見られない。
3.4　片面空気層の効果
　表面材と裏面材の厚みを変えて非対称配置とし，
上部空気層がそれぞれ105 mm，66 mmである No. 
5，No. 8 ならびに表面材と裏面材の厚みを一定にし
て対称配置とし，上部空気層がそれぞれ105 mm，
66 mm である No. 2，No. 4 の空気音遮断性能の周
波数特性と等級（等級曲線）の関係をFig. 7 に示す。
　Table 2 に示すように表面材と裏面材の厚みを変
えて非対称配置とし，上部空気層を105 mm と66 
mmとしたNo. 5 と No. 8 は Rw，Rr，Rm（1/3） とも同
一値を示し，試作壁材の中で最も高い空気音遮断性
能を示している。ところで，Table 4 には（2）式から，
No. 2～No. 8 それぞれの中心材を剛板と仮定して，
表面材と中心材，ならびに中心材と裏面材を組み合
わせた場合の共振周波数の計算値を示している。
Table 4 より，対称配置である No. 2 と No. 4 の共
振周波数は No. 2 でそれぞれ141 Hz と142 Hz であ
り，No. 4 でそれぞれ142 Hz と142 Hz で，空気層の
違いによる差は殆ど見られず，両側ともほぼ一致し
た値である。また，非対称配置のNo. 5 と No. 8 の
共振周波数は No. 5 でそれぞれ141 Hz と100 Hz で
あり，No. 8 でそれぞれ142 Hz と100 Hz であり，こ
ちらも殆ど空気層の違いによる差は見られず，両側
の共振周波数が異なっている。Fig. 7 に見られるよ
うに，非対称配置であるNo. 5 と No. 8 では，対称
配置である No. 2 と No. 4 で見られる100～125 Hz
帯域での空気音遮断性能の落ち込みが改善されるこ
とがわかる。
　また，非対称配置であるNo. 5 と No. 8 では，125 
Hz より低音域では空気層の大きなNo. 5 に若干の
空気音遮断性能が低くなる傾向を示すが，それ以上
の周波数帯域ではほぼ同じ性能を示している。この
ことから，表面材と裏面材の厚みを変えて非対称配

置とした場合，片側空気層を105 mm あるいは66 
mmと変化させてもその差は小さいので，軽量化な
らびにコスト的には片側空気層を66 mmとした方
が有利である。
　一方，500 Hz において，対称構造のNo. 2 と No. 
4 は非対称構造のNo. 5，No. 8 に比べ空気音遮断性
能が低下することが認められた。さらに，1000 Hz
より高音域では空気層の大きなNo. 2 の空気音遮断
性能が大きくなる傾向を示したが，これについては
更に詳細な検討が必要である。
　以上の結果から，３層構造壁の空気音遮断性能を
向上させるには，中心材の厚さを増したり，上部空
気層の厚さを大きくすることよりも，部材を非対称
に配置として組み合わせることが有効であることが
明らかとなった。

4.　結　　　論

　厚さの異なるスギ構造用合板を表面材，中心材，
裏面材に用いて，空気層厚みを変えた３層構造の壁
材を試作し，現在採用されている工法で作られた壁

Fig. 7.  Effect of upper air-layer thickness on sound in-
sulation.
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材と遮音効果を比較した。結果を要約すると，次の
とおりである。
１ . 対称配置，非対称配置としたいずれの３層構造
壁も，プラスターボードやラワン合板を単層ある
いは積層した２重壁の在来工法壁に見られる2000 
Hz から4000 Hz にかけて生じる音響透過損失の
低下（コインシデンス効果）を低減させる効果が
見られた。
２ . 今回試作した３層構造壁では，グラスウールの
挿入効果は，ほぼ全周波数帯域に見られたものの，
小さかった。
３ . 表面材と裏面材を対称配置および非対称配置と
した３層構造壁の中心材の厚みを増して面密度を
増やしても，その空気音遮断性能に大きな変化は
見られない。
４ . 第１報と本報をとおして，最も空気音遮断性能
に優れていたのはNo. 5 と No. 8 であるが，No. 8 
の方が上部空気層が少ないため，コスト的には
No. 8 が最も優れている。
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Abstract 

Various types of cationized polymer materials spherical microbeads consisted from polymer alone were 
prepared as chemical polishing soft-materials for transparent conductive layer (TCO). The surface-
cationic polymer spherical microbeads were prepared by aminolysis of poly(methyl acrylate) (PMA) 
spherical microbeads using ethylene diamine. The surface roughness of TCO polished using obtained 
cationic polymer microbeads was similar to that polished using inorganic materials abrasive. However, 
the thickness of TCO layer polished using cationized polymer microbeads showed little decease, 
compared with the case of inorganic materials abrasive polishing, and remained that of original TCO 
layer. Therefore, the sheet resistance of TCO layer polished using cationized polymer microbeads was 
much smaller than that polished using inorganic materials abrasive. It was considered that the 
planarization of TCO layer depended on cationic property and softness of cationized polymer microbeads. 
 
Keywords: Transparent conductive oxide / Abrasive / Cationic polymer / Surface roughness / Sheet 

resistance / Film thickness / Solar cell   
 
1. INTRODUCTION 
  The transparent conductive oxide (TCO) is widely used as electrolyte of organic electronics, i.e. liquid 
crystal device, solar cell and organic light emitting diodes (OLEDs). Generally, the formation of TCO, 
such as ITO, ZnO, AZO and FTO, is carried out on the substrate using the sputtering technique. As a 
result, tens of nanometer irregularity causes on the surface of the substrate, because of conductive oxide 
crystalline growing up. In OLEDs, the leak current flows to tall projection part on the surface of TCO 
layer. Since the short circuit between anode and cathode causes, OLEDs do not emit light, i.e. occurrence 
of dark spot [1]. Therefore, planarization of the surface of TCO layer is extremely important for the 
fabrication of OLEDs device. 

On the other hand, in the case of solar cell, Hayase et al. reported that planarization of the surface of 
transparent conductive layer not only prevent to crash a barrier layer of solar cell, but also that could raise 
the conversion efficiency of the dye-sensitized solar cell by optimization of surface [2, 3]. There are some 
reports that a junction exists between a TCO layer and TiO2 layer [4]. 
 
2. EXPERIMENTAL 
Preparation of chemical polishing soft materials. Various types of surface-cationized polymer materials 
spherical microbeads consisted from polymer alone were prepared as chemical polishing soft-materials 
for TCO. The cationized polymer spherical microbeads were prepared by aminolysis of poly(methyl 
acrylate) (PMA) spherical microbeads using ethylene diamine.  
Polishing experiments. As a TCO layer, indium tin oxide (ITO) (thickness: 329 nm) was adopted. The 
planarization procedure of TCO was carried out with the polishing machine using rotation plates 
(rotation: 60 rpm), polishing materials and polishing urethane pad with stressing to TCO layer.  



3. RESULTS AND DISCUSSION 
The aminolysis of PMA was confirmed by the fact that the adsorption at 1730 cm-1 corresponded to 
νC=O(ester) decreased, whereas an adsorption at 1650 cm-1 corresponded to νC=O(amide) and an adsorption 
at 3400 cm-1 corresponded to νN-H increased, from the determination of FT-IR spectra. The amounts of 
amino groups introduced to polymer microbeads could be adjusted to be 1.63, 3.84, 4.58 and 5.89 meqg-1 
at 24, 48, 96 and 192 h, respectively by changing the aminolysis time. They were estimated by the 
titration method. The aminated polymer microbeads were abbreviated to PMA-24, -48, -96 and -192.  
Fig. 1 showed AFM images of surface of TCO before and after polishing using cationic polymer 
microbeads (size: 15 μm) and commercial colloidal silica (size: 20 nm). The surface roughness is much 
smaller than non-polishing surface of TCO (non-polish). After polishing for 8 min using cationic polymer 
microbeads (TCOPMA-48), the surface roughness Ra changed from3.89 nm to 1.86 nm, and also Rmax 
decreased from 45.7 nm to 18.8 nm. Similarly, the surface roughness Ra changed from 3.89 nm to 1.82 
nm and also Rmax decreased fromî 45.7 nm to 18.2 nm, in the case of colloidal silica abrasive 
(TCOSil20). However, as shown in Table 1, the change of sheet resistance of TCOPMA-48 is much 
smaller than that of TCOSil20. This is attributed to the fact that the layer thickness (309.6 nm) of 
TCOSil20 became smaller than that of TCOPMA-48 (322.6 nm). Since the polishing rate of TCOSil20 is 
much higher than that of TCOPMA-48, the control of layer thickness is difficult. This indicates that the 
colloidal silica is too hard for hardness of surface of TCO. In addition, we tried to fabricate more efficient 
dye-sensitized solar cell by changing the TCO surface using chemical polishing soft-materials. In this 
report, the effect of TCO polishing on solar cell performances was also reported. 
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Table 1 Surface property of TCO polished using polymer spherical microbeads and colloidal silica

TCO Ra (nm) Rmax (nm) Sheet resistance (Ω/square) Film thickness (nm)*

TCO non polish 3.89 45.7 4.65 329.3

TCOPMA-48 1.86 18.8 4.95 322.6

TCOSil20 1.82 18.4 5.23 309.7

Determination: spectroscopic elipsometer

a) TCO (non polish) b) TCOPMA-48 c) TCOSil20 

Fig. 1 AFM images of surface of TCO (a), TCOPMA-48 (b), and TCOSil20 (c). 
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a b s t r a c t

We synthesized new dispersive chitosan particles at circumneutral pH. Particles composed of a chitosan–
borate complex were synthesized by a method consisting of two simple steps: mixture and dialysis. As
this method does not employ reagents such as organic solvents or surface-active agents and does not
require heat treatment, it has a minimal negative impact on the environment. Crosslinking of the reaction
of glucose and boric acid at ordinary temperature and pressure led to the formation of composite parti-
cles. Stereoscopic microscopy and investigation of the particle size distribution by dynamic light scatter-
ing (DLS) revealed that particles ranging in size from submicrons to several microns with high
dispersibility in water were obtained. Even after heat treatment at 80 �C for 12 h, the particles maintained
their composite formation, indicating that they have high thermal stability. Chitosan powders demon-
strated inadequate antimicrobial properties at circumneutral pH, but the particles of the chitosan–borate
complex had antimicrobial properties against the gram-negative bacterium, Escherichia coli, and the
gram-positive bacterium, Staphylococcus aureus, as well as the fungi Aspergillus niger and Fusarium solani.
These results indicated that the particles of the chitosan–borate complex had a broad antimicrobial spec-
trum at circumneutral pH.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan is a cationic biopolymer obtained by N-deacetylation of
chitin, a b-(1?4)-linked polymer of N-acetyl-D-glucosamine re-
sides.1 Chitosan is nontoxic, biocompatible, and biodegradable,
which enables its use in a wide range of applications.2–4 Chitosan
and its derivatives are polysaccharides that are useful for the bio-
medical field. In particular, thesemicroparticles are used as chroma-
tography packings,5,6 support media for enzyme immobilization,7,8

protein affinity adsorbents,9 endotoxin adsorbents,10 anddrug carri-
ers.11,12 Furthermore, chitosan is often utilized for agricultural
purposes andas aplant elicitor,13 a general foodadditive, an antibac-
terial material, a flocculant for drainage,14 and a clinical biomedical
material.15,16 Recently, the organic-friendly antimicrobial activity of
chitosanhasbegun to attract attention.However, these activities are
generally limited to the acid domain. Furthermore, chitosan starts
losing its cationic nature at pH 6.5 or higher17–20 and generates a
strong hydrogen bond at circumneutral pH, which leads to poor
solubility. Consequently, the moldability of chitosan is poor and it
has limited uses.

On the other hand, it was reported that spherical microparticles
using chitosan acid solution were synthesized by either suspension
evaporation methods6 or suspension crosslinking techniques.9,21

These methods were required to utilize organic solvents or sur-
face-active agents. There is another particle formation technology
that employs a spray dry method,22,23 but this method has some
disadvantages. For example, it is difficult to control the particle size,
especially particles with sizes of 10 lm or less. Furthermore, the
heating process results in increased cost. Recently, a rapid method
to synthesize submicron particles by rapid supercritical fluid tech-
nology24 was developed. This method can rapidly synthesize parti-
cles owing to the use of supercritical CO2, but it is difficult to control
the particle size, form, and composition using this method.25

This study focused on the formation of a complex of boric acid
with a sugar chain,26 and investigated a method of preparing chito-
san submicron particles with boric acid by crosslinking, as shown
in Scheme 1. This method can be used to prepare chitosan submi-
cron particles with high dispersibility from a chitosan–lactic acid
solution using boric acid without heat treatment, as well as a sur-
face-active agent or organic solvent. Although chitosan generally
demonstrates antibacterial properties only under acid conditions,
the obtained chitosan particles showed superior antimicrobial
activity against bacteria and fungi at circumneutral pH 6.5.26,27

0008-6215/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2011.12.017
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2. Experimental

2.1. Materials

Chitosan materials (Mw: 70–100 kDa, Hokkaido Soda Co. Ltd,
Japan) with a degree of deacetylation of 85 mol % were used for
preparing chitosan particles. Lactic acid was supplied by Wako
Pure Chemical Industries, Ltd (Japan). Escherichia coli NBRC 3972,

Staphylococcus aureus NBRC 12732, Fusarium solani NBRC 5232,
and Aspergillus niger NBRC 9455 were provided by the National
Institute of Technology and Evaluation Biological Resource Center
(NBRC) (Japan). Muller–Hinton broth was supplied by Difco
(USA), and PDA was supplied by Nissui (Japan). D-(+)-Glucose
was obtained from Nacalai Tesque, Inc. (Japan). Polypeptone was
acquired from Nihon Pharmaceutical Co., Ltd (Japan). Yeast extract
was provided by Difco (USA).

2.2. Measurement and characterization

The optical transmittance of the chitosan–borate complex aque-
ous dispersions was measured with a V-560 UV/VIS spectrometer
(Jasco Inc., Japan). X-ray powder diffraction patterns of the parti-
cles were obtained using a Smart Lab (Rigaku Corp., Japan). The
X-ray source was Cu Ka radiation (45 kV, 200 mA). Samples were
scanned at a rate of 4�/min. The particles were observed using a
field emission scanning electron microscope (S-4000, Hitachi Co.
Ltd, Japan) and stereomicroscope (KH-7700S, Hirox Co. Ltd, Japan).
The particle size distribution and the zeta potential of the particles
were measured with a Zetasizer Nano ZS (Sysmex Corp., Japan).
Differential scanning calorimetry (DSC) thermograms of the chito-
san–borate complex were carried out using an EXSTAR 6000 (Seiko
Instruments Inc., Japan). Antimicrobial activity was assayed using a
microcalorimeter (NipponMedical & Chemical Instruments Co. Ltd,
Japan). The thermal stability of the chitosan particles was evalu-
ated based on the apparent turbidity and transmittance spectra
of the aqueous dispersions of the particles at pH 6.5 after heat
treatment at 80 �C for 12 h.

Figure 1. Optical transmittance of CB-X aqueous dispersion and NaBO2. (a) Before and (b) after dialysis. Boric acid addition: 0.5, 1.0, and 2.0 equiv (X) per unit of glucosamine
in the chitosan.

Figure 2. Optical transmittance of chitosan–borate complex (CB-X) aqueous dispersion before and after heat treatment (heating temperature: 80 �C). (a) Before and (b) after
heat treatment. Boric acid addition: 0.5, 1.0, and 2.0 equiv (X) per unit of glucosamine in the chitosan. Chitosan–Na2SO4 particle (CS) of Na2SO4 addition: 1.0 equiv per unit of
glucosamine in the chitosan.
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Scheme 1. Structure of chitosan–borate complex.
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2.3. Assays for antimicrobial activity

Assays for microbial activity were performed using E. coli as a
representative gram-negative bacterium, S. aureus as a representa-
tive gram-positive bacterium and A. niger and F. solani as represen-
tative fungi. Muller–Hinton broth was used as the medium for
E. coli and S. aureus. PDA was used as the medium for A. niger.
Liquid medium that contained 0.025 wt % D-(+)-glucose, 0.5 wt %
polypeptone and 0.125 wt % yeast extract was used for F. solani.
Each medium and glass vial was autoclaved for 15 min at 121 �C.
The chitosan particles were then put into sterile glass vials, after
which 5 mL of the medium containing the bacteria were added
and the samples were adjusted to pH 6.5 with 0.1 M NaOH or
0.1 M HCl. Test microorganisms were inoculated in the vials to give
a concentration of 1.0 � 106 cfu (spores)/mL. Thermacogenesis
examinations were carried out while E. coli and S. aureus were
incubated at 37 �C for 24 h. A. niger and F. solani were incubated
at 30 �C for 72 h during the thermacogenesis examinations.

2.4. Preparation of particles of chitosan–borate complex

Chitosan flakes (Mw: 70–100 kDa, deacetylation degree:
85 mol %, Hokkaido Soda Co. Ltd, Japan) were adopted as the

Figure 3. Thermal stability of the chitosan–borate complex aqueous dispersion. (a) Before and (b) after heat treatment at 80 �C. Boric acid addition of CB-0.5: 0.5 equiv per
unit of glucosamine in the chitosan. Na2SO4 addition of Chitosan–Na2SO4 particle (CS-1.0): 1.0 equiv per unit of glucosamine in the chitosan.

Figure 4. X-ray powder diffraction patterns of chitosan and CB-0.5.

Figure 5. Microscopic images of chitosan–borate complex (CB-X) aqueous dispersion before and after desalination. (a) Before and (b) after dialysis. Boric acid addition: 0.5,
1.0, and 2.0 equiv (X) per unit of glucosamine in the chitosan.
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starting material. A total of 1.5 g of chitosan (8.95 mmol: unit of
glucosamine) was added to 98.5 g of aqueous solution containing
lactic acid (0.78 g, 8.95 mmol). Next, 40 mL, 20 mL, or 10 mL of
the chitosan–lactic acid solution were added dropwise into
100 mL of a sodium metaborate tetrahydrate aqueous solution
(246 mg, 1.79 mmol) as the crosslinking medium at a rate of
0.2 mL/min using a proportioning pump (805 Manometric Module,
Gilson Inc.). The amount of chitosan added corresponded to 0.5,
1.0, and 2.0 equiv per unit of boric acid in sodium metaborate tet-
rahydrate aqueous solution; accordingly, the particles obtained
were abbreviated as CB-0.5, CB-1.0, and CB-2.0, respectively. The
chitosan particles aqueous dispersion was prepared by desalina-
tion and deacidification with dialysis membranes for 4 days to
eliminate excessive boric acid and lactic acid. Thus, a turbid
solution was obtained.

3. Result and discussion

3.1. Preparation of chitosan–borate complex

Chitosan–lactic acid solution with a concentration of 1.5 wt %
was added to sodium metaborate solution at a rate of 0.2 mL/min
to make the quantity of glucosamine in the chitosan per unit of
boric acid equivalent to 0.5, 1.0, and 2.0 (CB-0.5, CB-1.0, and CB-
2.0). The turbidity was investigated by ultraviolet and visible spec-
trophotometry to observe the particle formation conditions.

Particle generation from the chitosan solution was traced once
the turbid solution was obtained by the addition of chitosan. Figure
1 shows an UV–vis spectrum 1 h after the addition of chitosan.
Higher levels of sodium metaborate in the solution resulted in
greater reductions in permeability (e.g., elevated turbidity). Figure
1b indicates that low permeability was maintained owing to par-
ticulation after excessive lactic acid and sodium metaborate were
eliminated by dialysis. The size distribution of the generated parti-
cles is discussed later.

Polyhydroxylate typically forms borate ester in reaction to boric
acid,23,26 which leads to the formation of a stable crosslinking
structure.

Figure 6. Size distribution of chitosan–borate complex (CB-X) aqueous dispersion before and after desalination. Particle size was determined by DLS. (a) Before and (b) after
dialysis. Boric acid addition: 0.5, 1.0, and 2.0 equiv (X) per unit of glucosamine in the chitosan.

Figure 7. Zeta potential of aqueous chitosan–borate complex (CB-X) dispersions.
Zeta potentials were determined by the laser Doppler method. Boric acid addition:
0.5, 1.0, and 2.0 equiv (X) per unit of glucosamine in the chitosan.
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The thermal stability of the chitosan–borate complex obtained
from the above method was investigated. As shown in Figures 2
and 3, both the apparent turbidity and the permeability barely
changed before and after heat treatment at 80 �C for 12 h in
CB-0.5, CB-1.0, and CB-2.0. This thermal stability suggests that
particulation of the chitosan is stabilized through covalent binding.
On the other hand, for the purpose of comparison, we prepared
chitosan–Na2SO4 particles (CS-1.0) by ionic crosslinking with mul-
tivalent anions without covalent binding. We then carried out the
same heat treatment and confirmed that the pKa of the amino
group shifted in the chitosan particles and that the particles dis-
solved in water.

The X-ray diffraction pattern of chitosan powder as raw mate-
rial and freeze dried chitosan–borate complex (CB-0.5) was evalu-
ated (Fig. 4). For the raw material, a typical X-ray diffraction
pattern was observed and high crystallinity as a result of intramo-
lecular and intermolecular hydrogen bonding was confirmed.
Additionally, the peak of the CB-0.5 observed in the chitosan
powder was reduced. These findings indicate that the degree of
crystallization of chitosan decreased owing to the formation of
the crosslinkable structure of the chitosan molecule with boric
acid.

On the other hand, structures of the moiety of borate have been
proposed, most of which are di-diol models in which the coordina-
tion number of the boron is four. Surprisingly, the detailed confor-
mation and the role of boric acid in diol models are not yet
completely understood. In a recent study by Ando et al., analyses
of the solid-state NMR spectra strongly suggested the possibility
of the presence of a boric acid with a coordination number of three
as a crosslinker in diol models.28 The borate structure was consid-
ered to confirm threefold coordination as a crosslinker in a chito-
san molecule while forming a intermolecular hydrogen bond
because the pKa value of boric acid was 9.23 (Scheme 1).

Figure 5 shows an image of the chitosan–borate complex
viewed through a stereoscopic microscope. For CB-0.5, which had
the lowest turbidity, the particles were fully dispersed regardless
of dialysis manipulation, and the mean diameter ranged from a
few hundred nm to around 1 lm. On the other hand, for CB-1.0,
aggregation among the particles was observed before dialysis,
but dispersion was stimulated by dialysis. The mean particle size

after dialysis was around 1 lm. Similar to CB-1.0, the dispersibility
tended to improve in response to dialysis for CB-2.0, and the mean
particle size after dialysis was around 1 lm. These findings demon-
strated that a greater amount of boric acid in the solution was
associated with a larger particle diameter. Therefore, we evaluated
the particle size by dynamic light scattering (DLS) before and after
dialysis. In addition, we investigated the dispersibility in terms of
the zeta potential.

Figure 8. SEM images of chitosan–borate complex (CB-X) after freeze-drying. Boric acid addition: (a) 0.5, (b) 1.0, and (c) 2.0 equiv (X) per unit of glucosamine in the chitosan.

Figure 9. DSC thermograms of water in chitosan powder and chitosan–borate
complex (CB-X) after freeze-drying. Boric acid addition: 0.5, 1.0, and 2.0 equiv (X)
per unit of glucosamine in the chitosan.
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Figure 6 indicates the particle size distribution for CB-0.5, CB-
1.0, and CB-2.0 as determined by DLS. The mean diameter of all
particles decreased slightly in response to dialysis. The mean
particle diameter after dialysis was 0.7 lm, 2.6 lm, and 1.9 lm
in CB-0.5, CB-1.0, and CB-2.0, respectively. However, the actual
particle diameter is likely smaller because CB-1.0 and CB-2.0 have
a tendency to be aggregated.

Figure 7 shows the zeta potential of the chitosan particles after
dialysis. The zeta potential increased in the order of CB-2.0 < CB-
1.0 < CB-0.5, as indicated by the shifting of the zeta potential to
the positive side according to the reduced amount of boric acid
added. As shown in Figure 5, stereoscopic microscopy revealed that
the dispersibility of CB-0.5 was higher than that of CB-2.0 and CB-
1.0. However, considering the results of the zeta potential, CB-0.5
likely had the most free amino groups, which promote hydration

with water and simulate electrostatic repulsion among particles,
thereby increasing the dispersibility. In addition, the quantity of
boric acid in the chitosan particles was confirmed by absorptiom-
etry using Azomethine H.27 The results revealed that the content of
boric acid increased in the order of CB-0.5 (0.15 wt %) < CB-1.0
(0.30 wt %) < CB-2.0 (0.38 wt %) according to the preparation ratio.

Figure 8 shows SEM images of solid material obtained from
freeze dried chitosan particle dispersion after dialysis. CB-0.5 was
observed as a spherical particle of 300–600 nm. This particle size
was slightly smaller than the value determined by DLS; however,
because the particles may have contracted in response to drying,
they were of a suitable size.

In contrast, stereoscopic microscopy revealed that the particle
status for CB-1.0 and CB-2.0 disappeared, and only a fibrillary
assembly was generated. These findings indicated that CB-0.5

Figure 10. Antimicrobial activity of chitosan–borate complex (CB-X) and chitosan powder aqueous dispersion. (a) Escherichia coli, (b) Staphylococcus aureus, (c) Aspergillus
niger, (d) Fusarium solani. (purple lines): 0 mg mL�1 for media, (green lines): 5.0 mg mL�1 for media (red lines): 10.0 mg mL�1 for media. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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had many free amino groups that maintained good dispersibility.
However, CB-1.0 and CB-2.0 were reconstructed clearly by fusion
among the particles. In other words, these findings indicate that
CB-0.5 synthesized by adding chitosan in an amount equivalent
to 0.5 of boric acid was the best in terms of dispersibility and
stability.

Figure 9 presents the results of the moisture retention evalua-
tion of solid chitosan particles obtained from freeze dried chitosan
particle dispersion after dialysis and the results of DSC. For distilled
water, the endothermic peak of the melting point was observed at
0 �C. The endothermic peak of the melting point of water in the
chitosan particles shifted to a lower temperature than the peak
of the melting point of water in chitosan powder, and shifted to
�4.3 to �6.9 �C, by the order of CB-2.0 > CB-1.0 > CB-0.5. These
findings indicated that the chitosan particle had a higher affinity
to water than chitosan powder, and a form that makes it easy to
bind water molecules in the chitosan molecule.

Based on the results of the zeta potential in Figure 7, there were
many free amino groups that carried a positive electrical charge.
The order of the electrical charge was CB-0.5 > CB-1.0 > CB-2.0,
and the interval among molecular chains expanded in response
to electrostatic repulsion, allowing water molecules to easily pen-
etrate the particles. These factors resulted in the melting point
being shifted to a lower temperature in the order CB-2.0 > CB-
1.0 > CB-0.5.

3.2. Antimicrobial activity

We examined the antibiotic action of chitosan particles against
the gram-negative bacterium, E. coli, the gram-positive bacterium,
S. aureus, and the filamentous fungi A. niger and F. solani. Commer-
cial chitosan powder was used for comparison.

Figure 10 shows the results of the thermacogenesis examina-
tion conducted using a microcalorimeter. When chitosan powder
was added to E. coli, S. aureus, A. niger, and F. solani, the thermaco-
genesis patterns were almost the same as those of the control sam-
ple pattern, indicating that it had almost no antimicrobial activity
(Fig. 10a–d). However, the chitosan particles (chitosan–borate
complex: CB-X) induced obvious changes (delayed, decreased, or
absent thermacogenesis peak) in the thermacogenesis patterns of
the E. coli, S. aureus, A. niger, and F. solani, indicating high antimi-
crobial activity. It is well known that chitosan exerts antimicrobial
activity against gram-negative bacteria that occurs via positively
charged residues in the glucosamine unit attacking the phosphate
moiety in Lipid A in the bacterial cell structure in these organisms.
However, the effects of chitosan against gram-positive bacteria
have not been thoroughly investigated.29,30 Nevertheless, CB-X
chitosan particles exerted antimicrobial activity against both
gram-negative and gram-positive bacteria in this study, as shown
in Figure 10. It was presumed that the positive charge of the amino
group on the surface of the chitosan particle was more likely to
interact with negatively charged residues such as the moiety of tei-
choic acid in gram-positive bacteria because CB-X chitosan parti-
cles have high dispersibility and provide effective adsorption
(porosity) to the bacteria cell wall to drive high antimicrobial activ-
ity. CB-X chitosan particles were also shown to have antimicrobial
activity against the fungi A. niger and F. solani.

4. Conclusion

We successfully prepared chitosan particles ranging from sev-
eral microns to submicrons in size through a mixture of chito-
san–lactic acid solution and sodium metaborate solution. The
mean diameter of particles and their dispersibility in water were

shown to be dependent on the amount of sodium metaborate.
The antibacterial properties of the obtained composite particles
were evaluated using E. coli and S. aureus, while the antifungal
properties were evaluated using A. niger and F. solani. The most
effective antimicrobial activity properties were observed for the
compound particles that had a comparatively low content of boric
acid. However, this effect was not observed for chitosan powders
prepared simply by crushing. Overall, these results indicate that
chitosan particles have high dispersibility and provide effective
adsorption (porosity) to the bacteria cell wall to drive high antimi-
crobial activity.
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This paper introduces a facile preparation method using
chitosan lactate with borate crosslinking for creation of
dispersible chitosan submicron spheres and its excellent
antimicrobial and antifungal activities.

Chitosan as a cationic biopolymer has been deployed for
various applications due to avirulence, biocompatibility, bio-
degradability, etc.1 For example, in biomedicine, items in which
chitosan and its derivatives have been incorporated are micro-
particles and are used as packings for chromatography,2 carriers
for enzyme immobilization,3 affinity adsorbents,4 endotoxin
adsorbents,5 drug carriers,6 elicitors for plants and antimicrobial
agents in pesticides or food products.7 Among these, an
application that has been attracting particular attention recently
is its use as an antimicrobial agent that is biofriendly, but its
range of use is limited because of the fact that the antimicrobial
activity is restricted to acidic conditions since the electric charge
is lost at a pH of 6.5 or above and the fact that its solubility is
remarkably degraded in the neutral region due to the production
of strong hydrogen bonds.8 The use of dispersible chitosan
particles has been considered as a method to solve these kinds of
chitosan problems. For example, the suspension evaporation
method is known for preparation of spherical microparticles,5

but a submicron size particulation, which is thought to be more
highly dispersible, has not been achieved. In addition, a
particulation method using spray drying is also known,9 but
the control of the particle diameter is difficult with this method
and control at 10¯m or less is particularly difficult.

In this paper, a new and facile method for the production
of dispersible particles of chitosan from several microns to
submicron size will be introduced. This method is one in which
boric acid forms a complex with a sugar chain and particulation
is done by a crosslinking reaction.10 This method does not
require heating and, moreover, does not use any surfactant or
organic solvent, which are burdens on the environment. In
addition, the chitosan particles that are obtained exhibit superior
antimicrobial activity toward not only bacteria but also fungi
even near neutrality.

The chitosan­boric acid complex particles (CB-X) were
prepared by the addition of an aqueous solution of sodium
metaborate to a lactic acid solution of chitosan.14 The amount of
added boric acid was adjusted such that it became 0.5, 1.0, and
2.0 equivalent (X) per unit of glucosamine in the chitosan, and
three types of complex particles (CB-0.5, CB-1.0, and CB-2.0)
were produced in this study. It was possible to track the
production of the particles from the chitosan solution by the fact
that the solution becomes cloudy together with the addition of
the sodium metaborate. Figure 1 is the UV­visible spectrum one

hour after the addition, and it shows that the transmittance
becomes lower (the cloudiness increases) the greater the amount
of sodium metaborate added. Figure 1 shows that even after the
lactic acid and metaboric acid that are present in excess have
been removed by dialysis, a low degree of cloudiness is
maintained resulting from the particulation.

The thermal stability of the chitosan­boric acid complexes
for CB-0.5, CB-1.0, and CB-2.0 was investigated. Virtually no
change in both the apparent degree of cloudiness and the
transmittance after heat treatment at 80 °C for 12 h was observed.
On the other hand, for comparison, chitosan particles that were
ionically crosslinked using multivalent anions without covalent
bonds were prepared,11 and it was ascertained that their
suspension became clear and finally dissolved in water by the
same heat treatment. This is a distinct advantage of the borate
crosslinking.
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Figure 1. Optical transmittance for CB-X aqueous dispersion
and NaBO2. (a) Before and (b) after dialyzing. Boric acid
addition: CB-0.5, 0.5 equiv for glucosamine unit of chitosan;
CB-1.0, 1.0 equiv for glucosamine unit of chitosan; and CB-2.0,
2.0 equiv for glucosamine unit of chitosan. Microscope images:
CB-0.5 and CB-1.0 aqueous dispersion.
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Figure 1 includes stereomicroscope photographs of the
chitosan­boric acid complexes. In the case of CB-0.5, for which
the degree of cloudiness is lowest, it is well-dispersed
independent of the dialysis, and the average diameter was
around 100 nm to 1¯m. On the other hand, in the case of the
CB-1.0, agglutination between particles was seen prior to the
dialysis, and the fact that dispersion is promoted by the dialysis
was concluded. The average particle diameter after dialysis was
around 1¯m. From the above, it was ascertained that the greater
the amount of boric acid added, the greater the particle diameter
and, in addition, the more likely agglutination becomes.

The particle diameter distribution of CB-0.5, CB-1.0, and
CB-2.0 was evaluated using dynamic light scattering (DLS).14

The tendency of the average particle diameter of all of the
particles to be somewhat smaller with the dialysis was observed.
It was found that the average particle diameter after dialysis is
around 0.7¯m for CB-0.5, 2.6¯m for CB-1.0, and 1.9¯m for
CB-2.0. However, it should be noted that because there is a
tendency for CB-1.0 and CB-2.0 to agglutinate, it is presumed
that the actual particle diameters are smaller.

Figure 2 shows the zeta potential of the chitosan particles
after dialysis. The zeta potential increases in the order of CB-
2.0 < CB-1.0 < CB-0.5 and it was observed that the zeta
potential tended to shift toward the plus side the smaller the
amount of boric acid added. In the stereomicroscope observa-
tions, the fact that the CB-0.5 dispersibility is higher than that of
CB-2.0 and CB-1.0 was shown, but when inferred together with
the zeta potential results, it is thought that free amino groups
become most prevalent in CB-0.5. Because of this, the electro-
static repulsion between the particles themselves as well as
hydration was promoted and the dispersibility has been increas-
ed. Incidentally, the amount of borate in the chitosan particles
was ascertained by means of optical density employing
azomethine H.12 It was ascertained that the amount of contained
borate increases in the order CB-0.5 (0.15wt%13) < CB-1.0
(0.30wt%13) < CB-2.0 (0.38wt%13) in conformance with the
preparation ratio.14

Using E. coli as a gram-negative bacterium and A. niger as a
fungi, antimicrobial tests were performed. Commercially avail-
able chitosan powders (Mw = 70­100 kDa, deacetylation degree:
85mol %, Hokkaido SODA Co., Ltd., Japan) were used for
comparison. Figure 3 shows the results of pyrogenicity tests that

employed a microcalorimeter. The calorific value that is released
with the cellular growth is proportional to a number of growing
cellular. The change of calorific value with cellular growth is the
differential form of growth curve and is provided as thermo-
gram. Therefore, the exothermic peak in thermogram does not
appear if the cellular growth is inhibited by antimicrobial
materials. When the chitosan powders were added, there was no
significant change in the pyrogenic pattern for both E. coli and
A. niger: it is ascertained that there were almost no antimicrobial
properties. In contrast to this, with the chitosan particles (CB-0.5
and CB-1.0) prepared in the present study, a distinct pyrogenic
pattern change (a delay, reduction, and disappearance of the
pyrogenic peak), in other words, a high degree of antimicrobial
ability, was ascertained with regard to E. coli and A. niger.

In general, the positive charge of the amino groups of the
chitosan is said to disturb the cell wall structure of the bacteria
and fungi that are negatively charged. In other words, because
the pKa of the chitosan is 6.5, the chitosan has a sufficiently
positive charge, and an acidic environment having a pH of 6 or
less is necessary for ammonium ions to develop.8 Since the
results of the antimicrobial tests shown in Figure 3 are from
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those carried out under conditions of a near neutral pH of 6.5, it
is thought that antimicrobial activity was not obtained with the
chitosan powders because of an insufficient amount of ammo-
nium ions. In contrast to this, with the CB-X particles, more
effective antimicrobial ability was exhibited despite the fact that
the antimicrobial tests were under the same conditions. This
difference is conjectured to be related to the fact that while on
the one hand it is thought that perhaps the chitosan powders are
almost nonporous and that the specific area for contact with the
microbes is deficient, in the case of the CB-X particles, a
reticular structure in which the specific area is large is formed
(CB-0.5: 16.43m2 g¹1, CB-1.0: 8.52m2 g¹1, CB-2.0: 10.6m2 g¹1

and chitosan powder: 0.65m2 g¹1).14 In other words, it is thought
that because the sites for adsorption of the microbe cell walls
become most prevalent, this leads to a high degree of
antimicrobial activity.

In conclusion, we succeeded in the production of dispersible
chitosan particles from several microns to submicron size by the
making of a complex using an aqueous solution of chitosan
lactate with an aqueous solution of sodium metaborate. The
antibacterial and antifungal activities of the obtained complex
particles were evaluated and compared with that of commer-
cially available chitosan powders. As a result, it was ascertained
that highly efficient antibacterial and antifungal activities at a
neutral pH solution were exhibited only by our dispersible
complex particles.
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