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Abstract Biodegradable translucent and transparent films

were prepared from the hemicellulose fractions of Pinus

densiflora leaves without using substantial amounts of

additives. These fractions were isolated by alkaline

extraction using 10 % sodium hydroxide after delignifica-

tion by sodium chlorite, and precipitated with 80 % etha-

nol. The water-soluble fraction of the P. densiflora

hemicellulose was mainly composed of arabino-4-O-

methylglucuronoxylan according to a sugar analysis and

NMR spectroscopy. The water-insoluble fraction contained

more mannan-related polysaccharide than water-soluble

fraction. Whole hemicellulose and the water-insoluble

fraction formed stable films when they were dispersed in

water, cast into petri dishes without additives, and dried.

The water-soluble fraction formed the most transparent

film, and it required a 1 % (w/w of polysaccharide) lecithin

additive, while it was peeling off from the dish to be used

as a self-supporting film. The 10–12 lm thick films had an

average tensile strength of 36–43 MPa, and 2.1–2.5 %

elongation at break. In the long wavelength, the light

transmission was high in the order of water-soluble, whole

hemicellulose, and water-insoluble fraction. P. densiflora

leaves have a history of being edible; thus, the leaves of

this tree can produce a useful and edible hemicellulose

film.
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Introduction

The needle-like leaves of Pinus densiflora (Japanese red

pine, akamatsu) have been used since a long time for

preparing folk medicine. These leaves have been histori-

cally used as a crude plant drug dating back to the Edo era

in Japan, and its description can even be found from earlier

ages in China [1]. The dried powder of whole P. densiflora

leaves is commercially available as tea. There are many

reports on the ingredients [1–3] and biological functions [4,

5] of the essential oil and volatile fraction of P. densiflora

leaves; however, only limited information is available on

its hemicellulose component.

Recently, biodegradable and/or edible films produced

from plant-based polysaccharides such as hemicelluloses

and celluloses have attracted attention as replacements for

petroleum-based films. According to a report by Mikkonen

and Tenkanen [6], xylans and mannans obtained from

agriculture and forest industries could be a source of sus-

tainable packaging materials in the future. The properties

of xylan- and mannan-based films are suitable for food-

packaging, although in some cases these films require

components such as plasticizers to maintain self-supporting

forms [7–9]. The property of produced films from hemi-

cellulose has been studied for decades, and their production

from the wood meal of P. densiflora has been previously

reported from the standpoint of sorption of water vapor

[10].

Some edible films produced from polysaccharides are

widely used in the food industry, for example, oblate,

pullulan, and agar. Films from hemicelluloses may also be

used in the food industry. Although they are not very

common as edible material, P. densiflora leaves are a

sustainable bioresource that can be obtained from estab-

lished forests. To facilitate the future utilization of

Part of this report was presented at the 62nd Annual Meeting of the

Japan Wood Research Society, Matsuyama, March 2014.

T. Shimokawa (&) � E. Togawa � K. Kakegawa � A. Kato �
N. Hayashi

Forestry and Forest Products Research Institute,

Tsukuba 305-8687, Japan

e-mail: tshimo@ffpri.affrc.go.jp

123

J Wood Sci (2015) 61:53–59

DOI 10.1007/s10086-014-1440-0



hemicellulose-based films derived from these leaves as

edible films, we report some of their structural character-

istics and mechanical properties.

Materials and methods

Materials and reagents

Dry powder of P. densiflora leaves for a beverage was

purchased. It was prepared from P. densiflora leaves col-

lected domestically and was washed, dried, and pulverized.

Beech xylan and birch xylan were obtained from Sigma

and Fluka, respectively. Dextran standards with molecular

weights of 1000–410000 were purchased from Sigma. The

dextran standard with a molecular weight of 668000 was

obtained from polymer standards service. Lecithin from

soybean was obtained from Wako, and 4-O-methylgluc-

ronic acid (MeGlcUA) prepared from beech xylan was

provided by Dr. S. Yoshida (University of Tsukuba); a

single spot on TLC analysis verified its purity.

General analyses

To determine the acid-insoluble lignin content of P. den-

siflora leaves, the powder was boiled in an 80 % ethanol

solution for 10 min, collected on a G3 fritted glass filter,

and air-dried before acid hydrolysis of the powder using

dilute sulfuric acid [11]. The ash content was determined

and subtracted from the apparent acid-insoluble material to

calculate the acid-insoluble lignin content. The relative

sugar contents of polysaccharides were analyzed after

hydrolysis of polysaccharides using 2 M TFA, then tri-

methylsilyl methyl ester glycoside derivatives were

detected by GC-14A gas–liquid chromatography (GLC)

(Shimadzu) equipped with a DB-1 column

(0.25 mm 9 30 m, J & W Scientific) [12]. The following

seven neutral sugars were analyzed as compositional sug-

ars: arabinose (Ara), fucose (Fuc), rhamnose (Rha), xylose

(Xyl), mannose (Man), galactose (Gal), and glucose (Glc);

in addition to the following three kinds of acidic oligo-

saccharides: glucuronic acid (GlcUA), galacturonic acid

(GalUA), and MeGlcUA. Methylation analysis of poly-

saccharides was conducted according to the modified

method of Hakomori [13, 14]. The partially methylated

alditol acetates were analyzed by GLC-MS (JEOL

AMII15) using an SP-2330 column (0.25 mm 9 30 m,

Supelco). 13C-NMR spectra were recorded at 49.5 �C in

D2O on a JEOL a500 spectrometer operating at

125.65 MHz. Chemical shifts (ppm) were measured rela-

tive to the internal dioxane at 67.40 ppm or internal trim-

ethylsilylpropionic acid (TSP) at 0.00 ppm. The particle

size distribution was measured using a laser diffraction

spectrometer HELOS/KR along with a dry disperser RO-

DOS/L (HELOS & RODOS) at the Japan Laser Corpora-

tion (Tokyo, Japan).

Hemicellulose preparation

The hemicellulose fraction was prepared using 120 g (dry

material (DM), 115.4 g) of the powder from P. densiflora

leaves according to the procedure, which is described in

Fig. 1. A 4 % (w/v) suspension of the powder was boiled in

deionized water for 10 min at 92 �C. The insoluble mate-

rial was collected on a G4 fritted glass crucible and then

suspended in fresh deionized water to become 1.67 %

(w/v).

The holocellulose fraction was prepared using sodium

chlorite [15]. The required volumes and weights of com-

ponents were scaled to the sample mass. The holocellulose

fraction was collected by centrifugation and the precipitate

was extracted with 10 % sodium hydroxide for 16 h at

room temperature. The concentration of holocellulose in

the alkaline solution was determined from an approxi-

mately 45 % recovery of holocellulose from the starting

powder in a preliminary experiment. Insoluble material in

the extract was removed by centrifugation and the super-

natant was neutralized with dilute hydrochloric acid. The

neutralized solution was dialyzed against deionized water

using dialysis tubing (molecular weight cut off 3500;

Fisher Scientific). The dialyzed solution was mixed with 4

volumes of ethanol (80 % ethanol), and after centrifugation

Akamatsu (P. densiflora) needle powder

Residue

Precipitate

Extract

Precipitated hemicellulose from Akamatsu needle (AHC)

Water soluble AHC (AHC-X) Water insoluble AHC (AHC-M)

Extrac�on with boiling water
Filtered through G4 grass filter

Delignifica�on with NaClO2
Centrifuga�on

Extrac�on with 10% NaOH
Centrifuga�on

Neutraliza�on, Dialysis, 
Precipita�on with 80% EtOH, 
Centrifuga�on

Washing with cold water, 
Centrifuga�on

Fig. 1 Preparation of hemicellulose fractions from Pinus densiflora

leaves

54 J Wood Sci (2015) 61:53–59

123



the precipitate was freeze-dried and designated as the

hemicellulose fraction (AHC) from P. densiflora leaves.

AHC was suspended in the cold water (2 %, w/v) and

stirred to separate the water-soluble fraction (AHC-X) from

the water-insoluble fraction (AHC-M). Subsequently,

AHC-X and AHC-M fractions were separated by centri-

fugation and freeze-dried.

Size exclusion chromatography (SEC) of hemicellulose

Molar mass distributions of the hemicellulose samples

were analyzed by SEC using two KD-806M columns

(300 9 7.5 mm, Shodex) connected in series with a guard

column and equilibrated with dimethylsulfoxide (DMSO)/

dimethylformamide (DMF) (80/20, v/v) containing 20 mM

of lithium bromide (LiBr) and 20 mM of phosphoric acid

[16]. The flow rate was 0.5 ml/min at 50 �C. The samples

were filtered using PVDF membranes (0.45 lm) before

analyses. The elution patterns were monitored using a

differential refractometer, and the molar mass data were

calculated using dextran standards by LC solution GPC

software (Shimadzu).

Preparation of films

Polystyrene petri dishes, 90 mm in diameter, were used to

prepare the hemicellulose films. The suspensions were

adjusted to 127.1 mg/7.5 ml (2 mg/cm2) of hemicelluloses

per unit of petri dish surface area. The suspensions were

heated for 5 min in a boiling water bath to enhance dis-

solution and dispersion before use. For sample with soy-

bean lecithin, a 1 % lecithin solution dissolved in 40 %

ethanol was used to adjust the concentration before boiling.

After allowing the suspensions to cool down to room

temperature, they were gently mixed and cast into petri

dishes. The films were dried at 24 �C and then analyzed.

Tensile testing

The tensile strength and elongation at break for the films

were assessed at 22 �C and 50 % RH using a Shimadzu

material testing machine (EZ-Graph) with a 500 N load

cell. The specimens were aged under these conditions for at

least 2 days prior to testing. The initial gauge length was

10 mm, and the crosshead speed was 1 mm/min. The width

of the specimen was 10 mm, and the length was not less

than 40 mm. The results are expressed as the means of five

specimens.

Light transmittance

The light transmittance of each film was determined from

220 to 850 nm using a Shimadzu UV-2400 PC

spectrophotometer equipped with an integrating sphere

attachment ISR-2200 (Shimadzu).

Results and discussion

Major constituent analyses of P. densiflora needle

powder

The particle size distribution of P. densiflora powder was

32.75 lm as the value-based median value (D50). D50 was

defined as the diameter at which half of the population lies

below this value. The dry leaf powder was composed of

28.1 % ethanol extract fraction, 1.4 % ash, 26.3 % acid-

insoluble lignin, and polysaccharides (44.2 %). The

amount of holocellulose, prepared using sodium chlorite,

was approximately 45 % from the starting powder. Thus,

the amount of polysaccharides contained in the P. densi-

flora leaves should be 44–45 %.

Hemicellulose from P. densiflora leaves

According to the method for preparing hemicellulose

fractions, as described in Fig. 1, 12.3 g (11.8 g DM) of

AHC was obtained from 120 g (115.4 g DM) of the leaf

powder, which was a 10.2 % yield from the original dry

material.

The ash and acid-insoluble lignin contents of AHC were

6.68 and 11.2 %, respectively. The ash content of AHC

was a little higher than that of the ethanol-extracted powder

(2.0 %), which could be a consequence of the residual salt

generated by the neutralization process that was not

removed by dialysis before the freeze-drying process.

The AHC fraction was separated into AHC-X and AHC-

M according to their solubilities in cold water. The yield of

AHC-X from AHC was 69 % and that of AHC-M was

Table 1 Relative sugar compositions of hemicellulose fractions from

Pinus densiflora leaves

Components Relative sugar amount (mol%)

AHC AHC-X AHC-M

Ara 5.7 6.4 8.8

Rha 1.4 1.2 1.6

Fuc 0.7 0.5 1.0

Xyl 17.5 25.6 9.4

Man 22.6 18.3 29.3

Gal 10.1 10.8 7.6

Glc 21.2 17.5 28.1

GlcUA 0.9 0.6 0

GalUA 7.6 2.5 10.8

MeGlcUA 12.2 16.5 3.3
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31 %. The relative sugar compositions of AHC, AHC-X,

and AHC-M showed that the major sugar component of

AHC-X is a xylan-related polysaccharide, whereas that of

AHC-M is a mannan- and glucan-related polysaccharide

(Table 1).

Table 2 shows the peak assignments of the 13C-NMR

spectra of AHC-X based on spectrum data from (arabino)-

4-O-methylglucuronoxylan [17–19]. The data from ara-

binans and arabinoxylans were also referred [20, 21]. The

presence of predominant (1-4)-b-linked xylan backbone

was supported by peaks at dC = 63.81 (65.81), 73.52

(75.50), 74.54 (76.52), 77.22 (79.21), and 102.47 (104.47)

in ppm relative to dioxane (TSP) (Fig. 2). These assign-

ments were supported by the results obtained from the

methylation analysis, with the presence of 4-linked Xyl and

3-linked Ara. The AHC-X fraction included arabino-4-O-

methylglucuronoxylan as a major component, and the

mannan-related polysaccharide and arabinan were also

suggested as mixed constituents. The results of the

methylation analysis in this study showed higher amounts

of 2, 3, 4-linked Xyl, which sometimes intimated the

inadequate reaction. Thus, the fine structure of the com-

ponents should be reinspected after purifying each element.

Arabino-4-O-methylglucuronoxylan, galactoglucoman-

nan, and glucomannan are consistent elements of softwood

hemicellulose [22]. The major component of hemicellulose

from the trunk of P. densiflora is reportedly acetyl galac-

toglucomannan [23]. Glucomannan and arabinoglucuron-

oxylan are reportedly major components of hemicellulose

in the water-soluble polysaccharide fraction from the root

of P. densiflora [24]. This study presents some composi-

tional differences between hemicelluloses from the trunk

and the leaves of P. densiflora.

The molar mass distribution of AHC-X is shown in

Fig. 3. AHC-X was easily dissolved in DMSO:DMF

(80:20) containing 20 mM of LiBr and 10 mM of phos-

phoric acid, whereas AHC showed slight turbidity in the

solvent. AHC-M showed apparent insoluble material in the

solvent, thus the data of AHC and AHC-M were not shown

in this study. Saake et al. [25] presented a solvent system of

DMSO:water (90:10) with addition of 20 mM of LiBr, as a

good mobile phase for xylan analysis. However, because

the SEC columns in our study could not withstand the

designated percentage of water, we selected a different

solvent system. Two solvent systems did not show a sig-

nificant difference in the apparent solubility of the AHC

series, which means that AHC and AHC-M could not

completely dissolve in DMSO:water (90:10) in the pre-

sence 20 mM of LiBr. The estimated weight-average molar

mass value (Mw) of AHC-X was 50000. The Mw of birch

xylan calculated by this system was estimated to be 32,000

and that of beech xylan was 21000 (data not shown).

Table 2 Peak assignments of 13C-NMR spectra of water-soluble

fraction (AHC-X) from hemicellulose from Pinus densiflora leaves

Glycosyl

residues

Chemical shifta

C-1 C-2 C-3 C-4 C-5 C-6 OCH3

(1 ? 4)-Xylp 102.47 73.52 74.54 77.22 63.81

(1 ? 4)-Xylp-

2-O-GlcUA

102.10 76.92 73.05 76.92 63.68

4-O-Me-GlcUA 98.39 72.17 77.65 83.19 73.13 177.40 60.52

Araf 108.45 81.60 78.08 85.57 62.22

a In ppm relative to the signal of internal dioxane in D2O at 67.40 ppm

Fig. 2 The 13C-NMR spectrum of the water-soluble fraction (AHC-

X) from hemicellulose from Pinus densiflora leaves, recorded relative

to internal TSP
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Fig. 3 Size exclusion chromatogram of the water-soluble hemicel-

lulose fraction from Pinus densiflora leaves (AHC-X, solid line) and

birch xylan (dotted line)

56 J Wood Sci (2015) 61:53–59

123



Consequently, hemicellulose from P. densiflora leaves

presented higher molar mass distribution than those of

birch and beech xylans. The soluble parts from AHC and

AHC-M showed even higher molar mass distributions than

that of AHC-X (data not shown).

Film preparation from AHC series

Translucent films were formed by casting and drying the

AHC suspensions on petri dishes. Although self-supporting

films with AHC contents of 0.5 and 1.0 mg/cm2 could be

peeled from the dishes, the instrument for tensile testing

required the film to be prepared with an AHC content of

C2.0 mg/cm2. The average thickness of film prepared with

an AHC content of 2.0 mg/cm2 was 12 lm. The AHC-X

fraction produced a more transparent film than the AHC

fraction. However, the film from AHC-X was difficult to

remove from the dishes without any additives such as

plasticizer or separating compound. Some previous inves-

tigations suggested the addition of 10–40 % of plasticizer,

(w/w of polysaccharide) of glycerol or sorbitol to obtain

self-supporting films from xylan [7, 8]. Addition of these

plasticizers, glycerol or sorbitol to the AHC-X solution

resulted in a sticky self-supporting film that was easily

peeled from the dish. To reduce the large amount of

additives we used a method for oblate preparation, in

which a small amount of edible oil and lecithin from

soybean were included to improve the flexibility of the film

and enhance detachability from a surface [26]. Lecithin

from soybean was added to the AHC-X solution at various

concentrations. When 0.5 % (w/w of AHC-X) lecithin was

added, the film was difficult to peel from the dish; there-

fore, 1 % of lecithin was added. The film prepared from

AHC-M was easily peeled from the dishes and required no

additives. The films from AHC-M were most opaque and

cracks were prevalent along the edges of the dishes. The

whole hemicellulose fraction (AHC) was the best man-

ageable fraction to obtain thin self-supporting films without

additives. The polysaccharide component ratio of AHC

might be in good order to form self-supporting film. The

films from AHC-X and AHC-M prepared using 2 mg/cm2

of hemicellulose met the conditions necessary for tensile

testing. The average film thicknesses of AHC-X and AHC-

M were 12 and 10 lm, respectively.

Properties of films from the AHC series

The mechanical properties of the films were evaluated

using tensile testing. Figure 4 shows typical stress–strain

curves of each one of the five specimens. The films from P.

densiflora leaves hemicellulose were strong with stress at

break around 35 MPa and flexible with an elongation at

break of around 2 %. The tensile strength and elongation at

break of films from AHC, AHC-X (with 1 % lecithin), and

AHC-M are summarized in Table 3. No significant dif-

ferences in tensile properties were observed between the

three fractions. The average tensile strength of AHC was

43 MPa, which was lower than that previously reported for

xylan films without additives (52 MPa from rye endosperm

arabinoxylan film; a 20–25 lm thick film [27] and 50 MPa

from barley husk arabinoxylan film; a 49 ± 7-lm thick

film [28]). No significant difference in elongation at break

was observed between the three fractions. The average

elongation at break of films from the AHC series ranged

between 2 and 2.5 %. A decrease in tensile strength and an

increase in elongation at break are observed when the

amount of plasticizer additives is increased [6, 7, 9]. Thus,

previous reports suggest that by selecting appropriate

additives, the properties of hemicellulose films from P.

densiflora leaves can be improved.

The AHC film had a light transparency of C80 % at

wavelength greater than 449 nm. Similarly, the AHC-X

and AHC-M films had higher transparencies at wavelengths
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Fig. 4 Stress–strain curves of hemicellulose films from Pinus

densiflora leaves. Typical stress–strain curve of each one of the five

specimens is shown

Table 3 Tensile strength and elongation at break of the hemicellu-

lose films from P. densiflora leaves

Hemicellulose

fractions

Tensile strength

(MPa)

Elongation at break

(%)

AHC 42.51 ± 5.50 2.19 ± 0.64

AHC-X 35.70 ± 13.03 2.47 ± 0.76

AHC-M 36.61 ± 5.35 2.14 ± 0.42

Mean values ± SD (n = 5) are shown
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[459 and [467 nm, respectively (Fig. 5). In the long-

wavelength region, the light transmission was high in the

order of AHC-X, AHC, and AHC-M. The film from AHC-

X may have higher potential as a transparent material than

films from AHC and AHC-M.

Conclusions

Translucent and transparent films were prepared using the

hemicellulose fractions from the leaves of P. densiflora

without substantial amounts of additives. The beneficial

use of sustainable bioresource material to replace petro-

leum-based material has become increasingly important.

The properties of the hemicellulose films from in this study

are comparable to xylan films, and hence they may have

potential as edible or biodegradable films. P. densiflora

leaves have a history of being edible; thus, the leaves of

this tree have high potential to produce a useful and edible

hemicellulose film.
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