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Chapter 1

General Introduction

1.1. Introduction

Corn, referred as Maize, is an annual plant whielorgs to family Poaceae and
GenusZea. Corn is one of the most important cereals for adfemd feed since it
contains starch in the endosperm abundantly, akaseproteins, oils, vitamin in the
embryo or aleurone layer. There are many racesoof over the world. They are
commonly classified as 6 general types relatetheoquality of accumulated starch and
its appearance (Baker, 1970); Dent cafra(mays var. indentata), Waxy corn Zea
mays var. certain), Popcorn Zea mays var. everta), Flint corn gea mays var. indurate),
Sweet corn{ea mays var. saccharata andZea mays var. rugosa), Flour corn Zea mays

var.amylacea) (Figure 1-1).

“Soft starch” 7]
“Hard starch”

- Endosperm types
“Sugary”

“Waxy”

Figure 1-1. Diagrammatic sections of corn kern@spopcorn, (b) flour corn, (c) flint

corn, (d) dent corn, (e) sweet corn, (f) waxy c(Baker, 1970).



Most of present hybrid corn varieties and cultivams derived from dent corn (Hadi,
2004; Troyer, 2009), known as yellow dent corn ietdf corn. It contains a “hard”
starch confined to the sides of the kernel withft°sstarch in the core and cap. It has a
small indentation at the crown of each kernelslgenerally used as a source of corn
starch in food manufactures and as a feed fortthogs The kernels used for a food are
mainly a type of sweet corn and popcorn. Sweet,ceometimes called sugar corn,
contains a rather high concentration of sugar atstef starch and is put on table use.
Popcorn is a type of corn that possesses exceppopaing qualities. It contains “hard”
starch with minor portion of “soft” starch in therder of the endosperm. The other
types of corn, waxy corn, flint corn and flour cpame occasionally used as a food or an

industrial raw material.

1.2. Production and consumption of corn

The great adaptability and high yield of corn leaolghe way for a large-scale
production. The annual production of corn in therldras increasing more and more
every year, and attained over 820 million tonsG02 (FAOSTAT, 2012) (Figure 1-2a)
[831 million tons in 2010 (USDA, 2012)The consumption of corn was also increased
and mainly consumed as a feed for cattles and fBedently, its use as a source of
starch for bio-ethanol or bio-based-plastic hassedua remarkable increment of
consumption in starch manufacture (USDA, 2013; FA®E, 2012) (Figure 1-2b).
Both production and consumption of corn continuanirease since it expands and

diversifies as a crop for feed and food and asdnstrial resource (Bennetzen, 2009).
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Figure 1-2. World production (a) and consumptionafocorn kernels (FAOSTAT).

1.3. Corn pericarp as a by-product

Corn pericarp (CP) is produced from corn starch ufestures as a by-product. In
corn industry, starch is extracted from corn kesnély dry-milling process or
wet-milling process. These processes have beenogexdkto fractionate the kernels
into starch, oil, protein and fiber. Pericarp fraotis concentrated in fiber fraction, and
called corn bran for the dry-milling process andncfiber for the wet-milling process.
The difference between these processes appeagedhange of the protein content in
the pericarp fraction (Yadast al., 2007a). Its global production the marketing year
October 2010-September 2011 were estimated to éredomillion tons, calculated from
the percentage of the world corn production (83lionitons in 2010) (USDA, 2012)
used for food manufacture (8.6%) (Kim and Dale, /0®wultiplied by the percentage
pericarp content (6.2%) (Woét al., 1969), and are predicted to increase continyousl|
because of widening of its utilization for prodactiof bio-ethanol or bio-based-plastic
as described above. Although it is generally usedraanimal feed with the addition of

corn protein (Shukla and Cheryan, 2001), developroémmore valuable products is



expected.

1.4. Effective use of corn pericarp asarenewable resource

CP is mainly composed of carbohydrates includinfulcse, hemicellulosic
polysaccharides and resistant starch, which arertapt polysaccharides as renewable
biomass resources present in nature. Thereforgsgatharides are to be targeted for
effective use of CP as a renewable resource. I tthesis, the author focused on
extraction, isolation and characterization of pabcharides from CP in a direction to
use them as a kind of biomaterial.

An effective extraction procedure of these polybacicles is necessary for reuse of
CP as a biomass resouce for the first step. Tq gatgsaccharides present in CP have
been extracted by various methods, including hydrslwith alkali (Doner and Hicks,
1997) or acid (Vidalet al., 2009), steam fractionation (Alleat al., 2001), hot
compressed water (Diest al., 2006) and microwave-assisted extraction (Bestka.,
2007). In this thesis, the author intended to exentivo different approaches with
microwave-assisted extraction and NaOH-urea solsgstem for achievement of their

effective extraction.

1.5. Arabinoxylan

Arabinoxylan is a principal hemicellulose @P (67%) (McKee and Latner, 2000)
and also found in almost all annual plants anddaft wood. It has a backbone of
B-(1,4)-linked D-xylopyranose substituted with side chains consistiargely of
a-L-arabinosefranose o®-3 and/or O-2 of the xylose residue (lzydorczyk and

Biliaderis, 1995). Recently, xylose-based oligobacitles have been reported to



possess various bioactivities, such as loweringdloholesterol level, reduction of
stomach ulcer lesions, improvement of mineral ghtsmm, regulation of lipid
metabolism, decrease in the risk of colon cancdrraadulation of the immune system
(Swennenret al., 2006). These valuable properties make arabiaoxgktractive as an
ingredient in functional foods (Crittenden and PRky1996). Moreover, recent studies
indicate that arabinoxylan can form a film withauty plasticizer having moisture and
oxygen barrier properties (Zhargy al., 2004; Grondahkt al., 2004). Nowadays,
arabinoxylan become attracted as a biomass resexypszted for providing innovative

products in material science.

1.6. p-(1,3;1,4)-Glucan

B-(1,3;1,4)-Glucanfi-glucan) is commonly present in cereal grains actuded in
many kinds of commercially available cereal baseod$ as a nutritional important
ingredient, because it improves food qualities saglmouthfeel and texture (Lazaridou
and Biliaderis, 2007), and also provides some S$ipetiealth benefits, such as
attenuating blood postprandial glycemic and ingrhic responses, lowering blood
total cholesterol and low-density lipoprotein (LDLgholesterol, and improving
high-density lipoprotein (HDL) cholesterol and bibbpid profiles (Daou and Zhang,
2012; Brennan and Cleary, 2005). It is a linear dpaotysaccharide comprising two
types ofD-glucopyranosyl residues linked by a mixturelefL-3) andp-(1-4) linkages,
with blocks of (1-4)-linked residues (oligomericllose-like segments) separated by
(1-3)-linkages. Its structural features, such akage ratio, units of cellulose-like
segments and distribution of the cellulose-likensegts, are known to be important

determinants for its physical properties and fuolities, including its use as food



additives (Lazaridoet al., 2004).

1.7. Microwave assisted extraction

Microwave-assisted extraction is a process of usmigrowave energy for
solubilization of important components from samplésan reduce times and solvent
volumes required for the extraction by the paracwdffects of microwave irradiation
(Eskilsson and Bjorklund, 2000). Microwave irrathat allows heating a sample
uniformly and rapidly due to the direct and intdrn@ating by the frictions of molecules
occurring with dipole rotation (Eskilsson and Bijimkd, 2000). Extraction of
polysaccharides from biomass by using this techsigas been proposed for a rapid
extraction method as an attractive alternativectmventional techniques (Okushial .,
2006; Azumaet al., 1984). Solubilization of polysaccharides withcrowave-assisted
extraction is accompanied with their depolymerizatby heating above 180°C (tal.
2008), and further heating leads to secondary dagjan (Shafizadeh, 1968). Thus, the
microwave heating conditions for the extractiorCéf is significant for its effectiveness,

however, it has not been fully explored by usiragistical method.

1.8. NaOH-urea solvent system

Recently, NaOH-urea solvent system has developedligsolution of cellulose
(Cai and Zhang, 2005). This cheap and environmigntaéndly solvent can rapidly
dissolve native cellulose by treatment with an agsesolution of 7% NaOH-12% urea
pre-cooled to -12°C (Cai and Zhang, 2005; 2006; eCai., 2008). It seems that the
formation of a urea and cellulose-NaOH complexoat temperatures contributes for

splitting of the intermolecular and intramoleculgdrogen bonds of cellulose (Cati



al., 2008). Additionally, this solvent system allowweparation of transparent
regenerated cellulose films with excellent optitahsmittance and tensile strength via
a green process (@t al., 2009). In plant cell wall, it is well known thaellulose is
interacted with hemicelluloses. For this aspedts #volvent system is considered to
affect the extractability of hemicelluloses. HoweaOH-urea solvent system has not

been applied for extraction of hemicelluloses.

1.9. Objective of thisthesis

The author intended to develop a new systematitodefior effective use of CP as
a renewable resource of carbohydrates. The metlasdacused on extraction, isolation
and characterization of its polysaccharides. Tésgarch work is expected to open more
effective usability of corn kernels for its totdllization.

For achievement of this objective, at the beginrohthis thesis, the effectiveness
of microwave-heating and NaOH-urea solvent systearevinvestigated for extraction
of polysaccharides from CP in chapters 2 and decsely.

In chapter 2, the conditions for extraction of edrnjpdrates from CP as a by-product
of corn starch manufactures were discussed by usingtatistical method of
combinations of response surface methodology anmkrerental design method in
order to achieve an optimum vyield. Detailed effeofsmicrowave irradiation on
chemical components in CP were also noted for tetaicle of this material.

In chapter 3, a novel method was proposed for w¥kecextraction of
hemicellulosic polysaccharides from CP by using Na®ea solvent system to produce
transparent biofilms. The mechanical propertiebiofiims prepared from the isolated

hemicellulosic polysaccharides were describedimdhapter.



In chapter 4, in order to characterize water sorptbehavior of arabinoxylan
isolated from CP, a convenient preparation methooadtially dearabinofuranosylated
arabinoxylan was described by hydrolysis with weakd. Effects of the treatment
conditions on chemical properties of arabinoxylarerav noted in detail with
characterization of its solubility and crystallinifThe role of arabinose substituents for
water adsorption behavior of arabinoxylan was caatpeely investigated on basis of
the independent dual sorption model and the Haitixidorrobin model.

In chapter 5, the conditions of NaOH-urea solveygtesm were optimized to
develop a technique for extraction pfglucan from CP. The effects of crystalline
property of cellulose present in CP on its extrdaitityg were noted. Applicability of the
present technique to the other cereal materialsalgasdiscussed in this chapter.

In chapter 6, for practical utilization g¥glucan from CP, a simple and useful
purification techniqgue was proposed by using a doatlbon of anion-exchange
chromatography and affinity chromatography on ¢efie column. Chemical structure
of the isolatedB-glucan from CP confirmed b{’C-NMR spectroscopic, methylation
and lichenase treatment analyses was describedrbgaring with the previous results

of other ceregp-glucans.



Chapter 2

Microwave-assisted extraction of carbohydrates from corn pericarp

2.1. Introduction

Corn fiber containing pericarp of corn kernels ighr in hemicellulosic
polysaccharides (Doner and Hicks, 1997). Within tieenicellulosic polysaccharides
arabinoxylan is the major polysaccharide. In gdnerarabinoxylan and
xylo-oligosaccharides have been reported to possassus bioactivities, such as
lowering blood cholesterol level, reduction of sawh ulcer lesions, improvement of
mineral absorption, regulation of lipid metabolistiecrease in the risk of colon cancer
and modulation of the immune system (Berdtdal., 2007; Swennert al., 2006).
These bioactivities make arabinoxylan-type hemibtedles attractive as ingredients in
functional foods (Crittenden and Playne, 1996).biraxylan also has emulsifying and
gelling property (Yadaet al., 2006; 2008; Lapierret al., 2001; Carvajal-Millaret al.,
2006). Corn fiber is also an attracting source abohydrates to produce bioethanol
(Mészarost al., 2009).

Arabinoxylan has been extracted from corn fiberboan by various methods,
including hydrolysis with alkali (Doner and Hicks997) or acid (Bernardet al., 2009),
steam fractionation (Alleet al., 2001), and hot compressed water (Déeal., 2006).
Microwave-assisted extraction (MAE) is known tooall great reduction in time
required for extraction of polysaccharides fromiting body of mushrooms (Ookusét
al., 2006) and tea residues (Tsubekial., 2008). Recently, Benké al. (2007) and
Rose and Inglett (2010) have applied MAE to exttaaticellulosic polysaccharides

from corn fiber. However, the extraction conditidmsve not been fully explored using



statistical method.

In this chapter, after characterization of grossnaical properties of CP produced
from corn starch industry, detailed effects of rowave irradiation on chemical
components in CP were investigated for total rexyélthis material. Subsequently, the
author applied 3-step of experimental design indgdractional factorial design, the
path of steepest ascent and central composite rdésrgaccurate prediction of the
optimum condition of MAE of carbohydrates in CPn&lly the relationship between
carbohydrates yield and severity parameter wasuledéd for better interpretation of

heating condition necessary for MAE of carbohydsateCP from corn starch industry.

2.2. Materialsand Methods
2.2.1. Materials

CP as a by-product fiber obtained after the wetimgilprocess of dent corn was
supplied from a corn starch manufacture (Sanwa arch Co., Ltd.) in Nara
Prefecture, Japan. The solvent and all other reges¢d were analytical grades. A
mixture of xylo-oligosaccharides having degree afymerization of 2-10 was prepared
by partial hydrolysis of beech @-methyl-glucuronoxylan with 0.1 N 13O, for 1 h at
92°C followed by neutralization with barium carbdhgte and passage through a joint

column of Dowex 50 x 8 (B and Dowex 1 x 8 (AcQ.

2.22.Compositional analysis
CP was powdered by electric mixef1(0 mm) before compositional analysis.
Moisture content was determined according to theABQofficial method 32.1.02.

Carbohydrate content was determined by the phenfulre acid method using a mixed

10



standard solution of glucose, xylose, arabinose gathctose according to the
composition determined after Saeman hydrolysis §1%hd HPAEC as described in
section 2.2.4. Protein content was determined ftemental analysis and multiplied by
6.25 as a protein conversion factor (AOAC offiaiaéthod 32.2.02.). Ash content was
determined according to the AOAC official method.13@5. Lipid content was
determined by using soxhlet extraction with 75%eays 1-propanol as an extracting
solvent according to the method given in ti@ndbook of Food Analytical Chemistry
(Wrolstadet al., 2004). Acid insoluble lignin content was detared by the TAPPI test

method T222 om-88.

2.23. Microwave-assisted extraction
Microwave irradiation was performed by using Mic¥d6TH Labstation

(maximum output 1 kW, 2.45 GHz) microwave oven @dibne Inc., Shelton, CT,
USA) using a Monobloc High-pressure Digestion R@iiPR-100). CP (0.5 to 1 g) was
suspended in 20-30 mL distilled water in the HPR-a0d mixed with a stirrer bar for
15 min to give sufficient penetration of water. mheeactant was heated to desired
temperatures (14-220°C) in 2-4 min and held attdmeperature for 1-26 min with
microwave irradiation. After irradiation, the praduvas immediately cooled in an ice
bath to room temperature and filtrated to sepasatabilized fraction and residues.
Solubilized fraction was preserved at -30°C untiberiments, and residues were

freeze-dried.

2.2.4. Chemical and morphological analysis

To examine the effects of heating temperature dumbgization of carbohydrates

11



and polyphenol and solubilization rate, microwaveadiations were performed at
140-220°C, solid to liquid ratio 1/30 (g/mL), corap-time 2 min and heating time 5
min. Carbohydrates content was determined by utsiagphenol-sulfuric acid method
by using the same standard as compositional asaly@olyphenol content was
determined by the Folin-Ciocalteau method (Wrolstaal., 2004) by using gallic acid
as a standard and expressed as gallic acid eguotivalbe solubilization rate was

determined by the following equation;

Solubilization rate (%) = Weight of raw material — Weight of residue) x 100 / {Meight

of raw material)

Raw material and each fraction after microwave diagon were hydrolyzed
according to the method of Saeman (1945), and theosaccharide composition was
investigated by high-performance anion exchangermhtography (HPAEC) on a
Dionex DX-500 system (Sunnyvale, CA, USA) with mdsamperometric detector
(ED-40) using 1.0 mM NaOH as a mobile phase.

Molecular weight distribution of neutral fractiorts solubilized materials were
analyzed by SEC on a column of MC IGEL CK04SS (¥.200 mm, Mitsubishi
Chemical Industry Co., Ltd.) at 80°C with refraetiindex detector. Eluent was
deionized water and flow rate was 0.3 mL/min. Timelate charged contaminants, the
solubilized materials were purified by passage ugloa joint column of anion and
cation exchange resins as described above withvpabe.

Solid-state CP/MAS®C-NMR spectra were obtained on a Chemagnetics CRIX-3
spectrometer (JEOL Ltd., Tokyo, Japan), operating4a/ MHz. The condition of the

pulse repetition was 5 s, the sweep width was 38, khe cross-polarization contact

12



time was 2 ms, and acquisition time was 34 ms. Maggle spinning was performed at
4.5 kHz in a Zirconia rotor with Teflon caps. Cheslishifts were referenced to 17.3
ppm of the methyl-carbon signal of hexamethylberzen

The effects of heating temperature on morphologoraperties of residues after
MAE were analyzed by low voltage scanning electroaroscope (LV-SEM, VE-8800,

Keyence Co., Osaka, Japan) at 1.7 kV on an amospterbon stage.

2.2.5. Experimental design and data analysis
To maximize the yield of carbohydrates, 3-step erpental design was used in

this work. The predictor variables were coded keyftllowing equation:
X =(X; = X o) &X

Where, X is the coded value of independent variabl€sjs the real value of the
independent variablé o is the real value of the independent variable atcénter point,
and AX; is the step change value. The vyields of carbohgdraxtraction were
determined by the same method as mentioned inettteon 2.4. The software, JMP 6
(SAS institute Inc.) was used for data analysise @hbalities of fitted models obtained
by experimental data were examined by the coefficief determinationR?. The

experimental results were analyzed by using thetdeguare method (LSM). The

regression model was analyzed by using analysrardnce (ANOVA).

2.2.5.1. Fractional factorial designs
At first, 2**fractional factorial design (FFD) was designeddenitify factors which

have significant effects on the carbohydrates yi@itbntgomery, 2005). FFD was

13



designed at conditions far away from the optimumdtiion with 8 experimental runs
and 3 replications at the center point of the desithe following regression equation

was obtained by the LSM:
o O kK O k O
Y:BO+ZlBi X +X12:81j X;
i=1 i=2

g
Where, Y is the estimated carbohydrates yietds the coded value of independent

]
variables, 's are the regression coefficients. After screenadgquacy of the factors

in this model was confirmed by ANOVA, and nonsigraht terms were eliminated in

the refined model.

2.2.5.2. The path of steepest ascent

Next, region in the vicinity of the optimum conditi was determined by using the
method of steepest ascent. In this work, experisneigre carried out along the steep
path of refined model obtained from FFD until tresponse value showed no more

increase.

2.2.5.3. Central composite design

Finally, the central composite design (CCD) wasfqreted to determine the
optimum condition. CCD was constructed with 5 regtiions at the center points, with 4
axial points and 4 star points ¢ In this work, 1.68 was used ador rotatable design
(Montgomery, 2005). The following regression equatiwas fitted to the response

resulted from CCD by the LSM:

14



Y=Lt Y A% L BX Y Y %%

i<j

WhereY is the estimated carbohydrates yields the coded value of an independent
variablesf’s are the regression coefficients. Adequacy of thodel was confirmed by
ANOVA. Finally, the model was reconfirmed by 3 rnepltions at the estimated

optimum condition.

2.2.6. Calculation of severity parameter
Severity parameter of hydrothermal treatment withamidition of acid catalyst was
calculated as following equation (Overend and Cepriv87):

: t T()-T«
logR, = Iog{j0 ex T?det}

Where,t is the reaction time (min)(t) is the temperature-time function for gradually
heated processes (°C) amgkis the reference temperature which was set to 100°C

this paper.

2.3. Resultsand Discussion
2.3.1. Chemical composition of corn pericarp

The chemical composition (%, dry weight basis) aethtive monosaccharide
composition of the raw CP were summarized in Tdble The results showed that the
native sample is mainly composed of carbohydrafths. composition showed slightly
higher content in protein and lipid than that ofrrcdiber reported by Shukla and

Cheryan (2001), indicating the native sample inetudip caps of the corn kernels.

15



Relative monosaccharide composition of the natarae is also shown in Table 1-1.
Total content of xylose, glucose and arabinosewattea for 90.2% showing abundance

of arabinoxylan and cellulose as main polysacclearid

Table 1-1. Chemical composition of the raw dentquericarp (%, dry weight basis).

Componer

Chemical composition (%)

Moisture® 8.0x0.1
Carbohydrat? 83.2+ 3.2
Holocellulos@ 78.6+= 0.5
a-clellulosé 25.1+0.8
Acid-insoluble lignirt 4.0+0.3
Uronic acic 0.6x0.1
Proteir” 9.5+0
Lipid? 6.6+ 2.0
Ash? 0.6x0
Relative monosaccharide cormposition (%, wiw)°
Mannosi 41+1.3
Xylose 33.4*+0.5
Glucost 36.8+ 0.4
Galactos 59+ 0.6
Arabinos:i 20+ 0.4

&Values are expressed as mean = 8D 8).
® Values are expressed as mean + 8B ).

2.3.2. Effects of microwave heating on corn pepcar

The effects of heating temperature on the soluddliZraction from CP were
investigated by microwave irradiation at 140°C #0ZC under fixed solid to liquid
ratio of 1/30 (g/mL), 2 min of come-up time and thnof heating time at the desired

temperatures. Solubilization rate, carbohydratetdypolyphenol yield and uronic acid

16



yield in soluble fraction were shown in Figure 17he solubilization rate increased

with increase in heating temperature, and reacl®@% at 220°C (Figure 1-1a).

Carbohydrates vyield also increased with increaskeisting temperature and attained

489 mg/g at 200°C, however, decreased by heatingR@tC (Figure 1-1b), due to

secondary degradation of carbohydrates into furume other derivatives.
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Figure 1-1. Effects of MAE on (a) solubilizationtea(%), (b) carbohydrates vyield

(mg/g), (c) polyphenol yield (mg/g) and (d) urorécid yield (mg/g). Error bars

represent standard deviation< 3).

Table 1-2 shows relative monosaccharide compositiothe solubilized fraction

17



and residues. In the solubilized fraction, the eahbf xylose increased with increase in
temperature and attained 42.6% of total neutral osaccharide at 200°C. The
abundance of xylose and arabinose in the solulilfegction suggested predominant
extraction of arabinoxylan from CP. The decreaseyillose and arabinose content at
220°C in the solubilized fraction was ascribed heit secondary degradation. The
behavior of solubilization of xylose and arabinase®ngly corresponded with that of
carbohydrates yield. Carbohydrates yield and totaitent of xylose and arabinose
showed good correlatiofiRf = 0.9506 p-value <0.0001). In the residue, glucose content
in the solubilized fraction increased with increaséneating temperature and attained
95.7% at 220°C, suggesting survival of cellulosthmresidue after MAE.

Production of polyphenol accelerated above 160°™MB¥e (Figure 1-1c), however,
the maximum vyield was only <15 mg/g. Lapieeeal. (2001) reported that little
phenolic acids such as ferulate and diferulate laveanded to arabinoxylan and
contribute to cross-linkage between xylan chairg lagnin chains. Uronic acid yields
also attained maximum at 1.5 mg/g at 180°C (Figilwkd). The uronic acids are
probably derived from 4©-methylglucuronic acid binding with xylan chainsheke
results indicated that the solubilization rate \eagely affected by the solubilization of

carbohydrates.
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Table 1-2. Relative monosaccharide compositionsesiflues and solubilized fractions

obtained after microwave irradiation (%, dry weigBsis).

Temperature’C) Ara Ga Glc Xyl Man
Residues
Native® 2000+04 59+06 36.8+04 33405 41+13
Room '[empertwa’d 21.2+04 57+0.1 40.0x04 305+01 28%x0.0
14 180+10 68+06 357+06 37.2+06 24104
162 13.2+03 58+01 380+03 387+x01 43%0.8
18¢% 32+01 23%x04 72409 194+01 28+0.2
20 0.7+00 09%+04 894+x09 73%x01 17x02
22 05+01 06+04 95.7+x11 23%x04 1005
Optimum poinb'e 18+06 20+x11 833+34 105+07 26z%10
Solubilized fraction

Room tempertufd’ 33.4+14 7.0x05 46.8+05 129+13 ¢°

140G 16.5+0.1 3.0+x04 715+10 88+04 0304
160" 258+04 54+01 42704 249+01 1401
180" 218+03 6.7+09 31406 39x0.8 1.3+0.1
200 208+0.1 7.7+05 269+01 426104 2301
2208 16.8+04 79+01 349+01 386+01 1.9%0.0
Optimum poin‘f'e 225+04 72+03 265+01 416+02 22+0.6

2 Values are expressed as mean = 8B ).

P Values are expressed as mean + 8B 8).

“tr represents trace.

9 Room temperature represents stirring for 15 miwater without microwave
irradiation.

¢ Optimum point represents treatment under the aptirmicrowave irradiation
condition (175°C, 18 min).

Solid-state CP/MASC-NMR was further applied to characterize the cluaini
components in the residues after microwave heaimd) native CP nondestructively
(Figure 1-2). Signal assignments 1€ spectra were referred to the report by Leval.

(1998). The spectra showed increase in heatingasatye induced weakening of xylan
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signals (C-4: 82 ppm, C-1: 101 ppm) and enhancemkntllulose signals (C-1: 105
ppm, C-2, 3, 5: 72 and 75 ppm, C-4 of amorphousaystalline cellulose: 84 and 89
ppm, C-6: 65 ppm) supporting the chemical analygisch showed solubilization of
xylan and survival of cellulose in the residuese®ignals due to acetyl methyl (21
ppm) and carbonyl carbons (173 ppm) decreased ingtiease in temperature, which
indicated deacetylation of xylan as well as dedsatation of ferulic acid and
p-coumaric acid binding with xylan chains (Lapiesteal., 2001) with generation of
acetic acid and polyphenol in the solubilized mateBolubilization of polyphenol was
also confirmed by decrease in the signal of C-2sierfied phenol units (149 ppm)
above 180°C. The presence of acetic acid might hmeenoted the hydrolysis of
hemicellulose (Shafizadeh, 1968).

The molecular weight distributions of the neutraictions of solubilized materials
were monitored by using SEC (Figure 1-3) after fization with ion exchange resins.
Peaks equivalent to xylo-oligosaccharides startedappear above 180°C, and
production of xylose (peak X largely increased at 220°C (Figure 1-3a-e), shgwi
generation of xylo-oligosaccharides by degradatimin higher molecular weight
components.

Typical LV-SEM images of the residues after micrgedneating were shown in
Figure 1-4. Morphology of native corn pericarp vifais fibered film. The residue after
MAE at 160°C had several cracks on the surface.rébelue after MAE at 180°C was

appreciably tore indicating solubilization of cetll components.
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Figure 1-2. Solid-state CP/MASC-NMR spectra of native corn pericarp and residues

obtained after microwave irradiation.
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Figure 1-3.Size exclusion chromatograms of glucose, xylo-aegzharides and
solubilized material obtained by microwave irraghat Chromatograms (a), (b) , (c),
(d), (e) and (f) show molecular weight distributiohextracted components by MAE at
220°C, 200°C, 180°C, 160°C, 140°C and optimum poegpectively. Chromatograms
(g) and (h) show standard glucose and xylo-oligoisaides, respectively. Peaks, X,
X3, X4 and X% show components having molecular weights equivadterylose, di-, tri-,

tetra- and penta-xylo-oligosaccharides, respegtivel
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Figure 1-4. Typical LV-SEM images of native sampled residues remaining after

microwave irradiation. White bar indicates 200.

2.3.3. Optimization of microwave irradiation conalits for extraction of carbohydrates
from corn pericarp

Heating temperature, come-up time, heating time soldl to liquid ratio were
examined as factors that might affect carbohydyedlel by using FFD. The conditions
and the results of FFD were shown in Table 1-3. MAQf the regression model was

summarized in Table 1-4. The regression model Wwa&s in equation (1-1):

Y =96.0909 41.000%, +23.0000, +5.5000,

11
+1.0000¢, +10.2500¢ %, +6.75000, -1.2500%, - )
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Table 1-3. Independent variables of FFD and carbiatgs yields.

Coded variables

Real variables

Yield (mg/g.

Run X1 Xo Xz X4 Xy Xo Xz X4

1 0 0 0 0 150 2 0.75 3 92
2 0 0 0 0 150 2 0.75 3 87
3 0 0 0 0 150 2 075 3 84
4 - - + - 140 1 1 2 42
5 + - + + 160 1 1 4 119
6 - - - + 140 1 0.5 4 49
7 + - - - 160 1 0.5 2 95
8 - + + + 140 3 1 4 72
9 + - - 140 3 0.5 2 70
10 + + - + 160 3 0.5 4 161
11 + + + - 160 3 1 2 186

Table 1-4. Analysis of variance for regression ni@adé FFD and CCD.

Degree of Sumofsquare Mean squard--value  p-value
freedon
Regression model of FFD

Model 7 19147.500 2735.357 25.218 0.00114*
Residual 3 325.409 108.470
Lack of fit 1 292.742 292.742 17.923 0.05152041
Pure error 2 32.667 16.333
total 10 19472.909
R2 0.983

Screening regression model of FFD
Model 2 17680.000 8840.000 39.444  <0.0001*
Residual 8 1792.909 224.114
Lack of fit 6 1133.242 566.621 5.154 0.17140047
Pure error 2 659.667 109.944
total 10 19472.909
R2 0.908

Regression model of CCD

Model 5 13892.805 2778.560 24.188 0.0003*
Residual 7 804.118 114.870
Lack of fit 3 368.118 122.706 1.126 0.4383
Pure error 4 436.000 109.000
total 12 14696.923
R2 0.945

* represents significant at the level of 5%.
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Thep-value of the model (0.0011) was significant enoagthe probability level of
5%. Significant factors (intercept; <0.0004; 0.0016 andky; 0.0083) were selected for

the refined model:
Y =96.0909+ 41.0000x%, + 23.0000x, (1-2)

The ANOVA for the refined model was also summarigedable 1-4. The-value
of the model was significant enough (<0.0001) wniih significance in lack of fit
(0.0515) (Table 1-4). The value &f (0.9079) also showed good fitting of this model.

The path of steepest ascent was determined bygtetien (1-2) obtained by FFD
and the results were shown in Table 1-3a. The gaifgiant factors screened out by
FFD (come-up time and solid to liquid ratio) wemeetl at 2 min and 1/20 (g/mL),
respectively, to minimize the reaction time anddstd liquid ratio. Further reduction in
come-up time and solid to liquid ratio was difficédr precise temperature control and
homogeneous stirring of the material in the readtbe increment was 5.6 unit xf for
each unit ofx;. The results clearly showed that the carbohydrgiekl would be
maximized around the conditions of run 13 and iguife 1-5a).

The conditions of CCD, the responses and the pestligields estimated by the
regression model were summarized in Table 1-5.&Cqudint was set at 180°C (heating
temperature) and 19 min (heating time). Come-upe tand solid to liquid ratio were
fixed at the same condition as previously employethe path of steepest ascent. The

regression model was follows:

Y =530.819% 25.1177, -11.5657x, - 29.2227x’ - 8.2500%,X, - 7.8606x%  (1-3)
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The result of ANOVA of the model was also summatize Table 1-4. ANOVA
showed significantp-value (0.0003), no significant lack of fit and 43 of
determination coefficientRf), which showed good fitting of the model. The @sge
surface and contour plot of the model (1-3) werewsh in Figure 1-5b, c.
Carbohydrates yield was estimated to be 538 mg/thetoptimum point [heating
temperature; 176.5°C, heating time; 16 min, comdhme; 2 min and solid to liquid
ratio; 1/20 (g/mL)]. To reconfirm the adequacy loé tmodel, 3 replications were carried
out at the estimated optimum point. Carbohydratekl yattained 542 + 3 mg/g clearly
showing this model is sufficiently adequate.

At the optimum point, total rate of arabinose aptbge in the solubilized fraction
showed the highest value of 64.1%, which obvioustlicated that the extraction of
arabinoxylan was improved by optimization proceBab{e 1-2). Previously Benké&
al., (2007) have reported that 30% of polysaccharudesbe recovered from corn fiber
by microwave-assisted heat treatment at 210°C 2 Rase and Inglett (2010) have
investigated microwave-assisted autohydrolysis @pidbrted that 51.6% of the initial
arabinoxylan content in maize bran was recoverelthofgh our stating material
contains residual starch, carbohydrate yield gyeatiproved to 70.8% of total
carbohydrate content in CP by optimization process.

In the size exclusion chromatogram, the peaks ogllstmolecular weight
components equivalent to xylo-oligosaccharides vedgarly observed at the optimum
condition (Figure 1-3f). Xylo-oligosaccharides wepparently more extracted at the
optimal condition than that at 180°C, indicating thptimal condition was also desirable

for production of xylo-oligosaccharides.
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Table 1-5. Independent variables, experimentalpadicted carbohydrate yields of the

CCD.
Coded variable Real variables Yield (mg/g)

Run X1 Xo X1 X5 Eperimenti Predicited
17 -1.68 0 165 19 507 503
18 - - 170 14 522 522
19 - + 170 24 506 516
20 0 -1.68 180 12 530 532
21 0 0 180 19 542 532
22 0 0 180 19 530 532
23 0 0 180 19 514 532
24 0 0 180 19 535 532
25 0 0 180 19 534 532
26 0 1.68 180 26 511 499
27 + - 190 14 488 488
28 + + 190 24 439 449
29 1.68 0 195 19 432 427

X1 and X; represent heating temperatufC) and heating

time (min), respectively.

2.3.4. Relationship among carbohydrates yield, slwation rate and severity
parameter

The relationships among carbohydrates vyield, shhaion rate and severity
parameter were shown in Figure 1-6. The maximabalaydrates yield increased
proportionally with increase in the value of I&g until the optimum condition (3.42),
however, higher severity resulted in decrease (Eigdu6a). The lodr, for theoptimum
condition will be crucial for industrial scale-ug this system by using continuous
microwave apparatus (Magasal., 1988).

The solubilization rate increased linearly withrease in logR, attaining 75% at

around 3.42, which also correspond to optimum dardi Since the native material
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contains 25.1% odi-cellulose, the optimal condition is also suffidiéor solubilization
of CP and preparation of cellulose for bioethan@dpction with minimum loss of
carbohydrates (Figure 1-6b). Previously, Dignal. (2006) has reported hot water
treatment of dissolved 58% of corn fiber which sirilar corn starch by-product as CP
(160°C, 20 min). By employing MAE and RSM optimimet, the solubilization was
greatly improved by 17%.

Previously, Ookushét al., (2006) have reported that MAE (140°C, 5 min, Ryg=
1.89) of polysaccharides from fruiting body of mugdms is comparable to 100°C, 6 h
of traditional extraction (lodRy = 2.57) showing great reduction in extraction tiamel
severity by MAE. Fischer and Bipp (2005) have régathat reaction time and reagent
demand is reduced by microwave application for gmiwn of organic acid and
monosaccharides from food processing residues.tidddbf salts will be an interesting
method to improve microwave absorption for autobiydis of polysaccharides

(Tsubakiet al., 2010).
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Figure 1-5. (a) Responses of carbohydrates yieldgathe path of steepest ascent. (b)
Response surface and (c) contour plot of estimatedunt of carbohydrates yield

calculated from model (1-3) in the text.
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Figure 1-6. Relationships between (a) severitympatar and carbohydrates yield, (b)
severity parameter and solubilization rate. Whitd black circles represent optimum

condition and other conditions, respectively.

2.4. Summary

Carbohydrates were effectively extracted from CP MQE. The optimum
condition for MAE of carbohydrates was determineg Using response surface
methodology with experiment design including frantl factorial design, the path of
steepest ascent and central composite design. Bathtade yield attained 70.8% of total
carbohydrate content in CP at the optimum condififeeating temperature 176.5°C,

come-up time 2 min, heating time 16 min and sobdliquid ratio 1/20 (g/mL)].
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Additionally, the optimum condition was desirabler fpredominant production of
xylo-oligosaccharides. In this chapter, the auttlearly demonstrated applicability of

MAE as an effective tool for reuse of CP as a chydoates resource.
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Chapter 3
Development of a new mild method for extraction of hemicellulosic

polysaccharidesincluding arabinoxylan from corn pericarp

3.1. Introduction

CP as a wasted corn fiber obtained from industoah starch production is rich in
arabinoxylan. The chemical structure of the CP iamtylan was clarified to have a
backbone of3-(1,4)-linkedD-xylose with side chains af-L-arabinose (Saulniest al.,
1995). Extraction of this arabinoxylan from CP tigactive because of its importance as
a food additive for expectation of its benefit flouman health and good emulsion
property (Yoshidaet al., 2013). In chapter 2, MAE was attempted to extrac
hemicellulosic polysaccharides including arabinarylfrom the CP obtained from
industrial corn starch production. The results, &éesv, indicate that MAE was too
severe for extraction of arabinoxylan in the higineslecular state and nonspecific
degradation of arabinoxylan occurred at the optinsatabilization condition, although
carbohydrate yield attained 70.8% of total carboaig content in CP. Therefore
development of more mild extraction method seentessary to obtain arabinoxylan
from CP. In addition, the content of hemicelluloge€P produced from industrial corn
starch industry was not extremely high and heastgtaminated with lignin, protein
and lipid, which hampered selective extraction @micellulosic polysaccharides
including arabinoxylan.

In this chapter, pure CP was obtained by manudirgeef sweet corn kernels and
a new technique mild enough for extraction of hehitosic polysaccharides from this

CP sample in a higher molecular state was develbyagsing NaOH-urea solution as
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an extraction solvent.

The NaOH-urea solvent system was originally useddpid dissolution of native
cellulose (Cai and Zhang, 2006) and preparatiotrasfsparent regenerated cellulose
films with excellent properties (Gt al., 2009). However, this solvent system has not
been applied for extraction of hemicelluloses ydien, in this chapter, the author
applied this solvent system for extraction of hestidosic polysaccharides present in
CP. Feasibility of the isolated hemicelluloses itodoice films was also undertaken with

characterization of their mechanical propertiesdmsile test.

3.2. Materialsand Methods
3.2.1. Materials

Six types of matured kernels, dent corn, waxy cpapcorn, flint corn, sweet corn
and flour corn, were purchased local shops in Japdt,3;1,4)-Glucan enzymatic
assay kit were purchased from Sigma (St Louis, ®digs U.S.A.) and Megazyme

(Megazyme International Ireland Ltd., Wicklow, &ed), respectively.

3.2.2. Preparation of corn pericarp and arabinaxyla

Corn kernels were vertically cut into two parts greticarp of each upper half
portion of the excided kernels was manually takehas CP. CP was treated with hot
water (121°C, 1h), and dried over night at 45°Gn8ard arabinoxylan was prepared
from CP with the modified method of Dervillgt al. (2000). CP was treated with
dimethylsulfoxide twice at room temperature, and tasidue was extracted with 4%
KOH at room temperature. Extracted materials weevered by graduated ethanol

precipitation. The materials precipitated betwe®568% of EtOH were obtained as
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arabinoxylan from CP.

3.2.3. Compositional analysis

Cellulose and hemicellulose contents were deteminaeeording to the method of
Lépez-Casadat al. (2007). Lipid content was determined from chlorai-methanol
extraction.p-Glucan content was determined according to the EQ@icial methods
of 995.16. Protein, starch, ash and uronic acidtesds, and monosaccharide

composition were determined as described in selti®12., respectively.

3.2.4. Extraction of corn pericarp with NaOH-ureéusion
CP from sweet corn was soaked in 0-8% NaOH soluwmnaining 6 M urea under

the fixed liquid to solid ratio of 125 mL/g and kept -20°C. After thawing, the

solutions were filtrated to separate the soluhiliziaction from residues. The
solubilized fraction was neutralized with aceticidacdialyzed against water and
subjected to EtOH precipitation. The precipitateatenials were recovered by filtration,
and dried over night at 45°C. Effects of the NaQ#Hautreatment on morphological
properties of CP were investigated by low voltagangsing electron microscope as

described in section 2.2.4.

3.2.5. Preparation and mechanical analysis of films

The hemicelluloses extracted by the NaOH-urea soluairabinoxylan, (1:1, w/w)
mixture of arabinoxylan ang-glucan, ang-glucan were dissolved in distilled water at
70°C (40 mg/mL). Solutions were poured into flagldis of 3 cm diameter and dried at

45°C for 24 h. The films were cut into rectangusagments (5 x 20 mm) and their
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mechanical properties were investigated by theileeriester (Tack Tester TA-500,
UBM Co., Kyoto, Japan). Tensile test was conduetteal constant rate (0.01 mm/sec) at
25°C. Strain data and tensile force were colleti@de a second. Breaking stress{x
MPa) and maxmum straim(ax, %) were determined at the breaking point of thmast
Elastic modulus€ (GPa) was calculated from a linear region at thiai part of the

strain-stress curve.

3.3. Resultsand Discussion
3.3.1. Chemical composition of corn pericarp

The chemical compositions including relative momabaride composition of CP
from 6 types of corn kernels were listed in Tabl&.3The results clearly indicate
over-all similarity in the gross values. The onlgtaible difference was in the higher
B-glucan content in the sweet corn. Hemicellulosé eellulose contents in CP from
sweet corn were 69.1-73.6% and 19.7-20.5%, rey@bgtiindicating the abundance of
hemicellulose, with less lignin content and lowentent in protein and lipid than the
corresponding values given in CP obtained from stainch industry (chapter 2). On the
basis of these suitable aspects, CP from sweetlkewas used for clarification of the
effects of NaOH-urea solution on extraction of hehioses in this chapter. The
present distribution of hemicellulose and celluleges similar to the values (67% and
18%) reported previously (McKee and Latner, 20@%lucan content in CP (3.2%)
was higher than that of corn grain (0.5-1.3%) (Das, 2005), but was comparable to
that of oat and barely (3-5%) (Ebringerostdal., 2005).B-Glucan is a hemicellulose
characteristic for monocots and is located maimlythe endospermic cell walls.

B-Glucan contained in cereal grains is worth memtigrbecause of its bioactivities
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(Ebringerovaet al., 2005), such as lowering blood cholesterol (Brenaad Cleary,
2005). Monosaccharide composition of CP (Table 843 similar to that of the maize
bran which contained pericarp, tip cap and hulu(&iar, et al., 1995). Total content of
arabinose and xylose in CP amounted over 60%, sigpabundance of arabinoxylan as

the main hemicellulose in CP.

Table 3-1. Chemical compositions of corn pericdrps 6 types of corn kernels.

b .
Component  Dent corA Waxy corn  Popcorf  Flint corn  Sweet corh  Flour corfy

Chermical conpostion (%)

Cellulose 22.9-23.6 14.0-20.9 21.4-22.5 19.0 19.7-20.5 .8-23.4
Hemicelulose 66.7-71.1 72.8-74.8 67.6-67.8 62.8 69.6-73 62.9-63.9
B-Glucan 0.1-0.3 0-0.2 0.1-0.2 0.1 0.1-3.2 0.2
Starch 0.7-0.9 0.7 0.9 0.7 0.8-3.5 0.4-1.3
Uronic acid 3.9-6.1 3.6-6.2 4.9-5.5 5.4 6.7-8.6 6.5-6.9
Protein 2.9-3.1 3.2-3.9 4.3-5.5 4.5 4.3-5.1 2.5-34
Lipid 5.9-6.3 6.4-9.7 8.3-10.0 12.1 4.9-7.2 4.5
Ash 0.4-0.7 0.6-0.7 0.9-1.0 0.7 0.5-11 0.7-0.9
Relative nonosaccharide conmposition (%, w/w)

Xylose 41.6-44.1 44.2-46.6 39.8-43.8 43.6 40.0-44.1 435
Glucose 23.8-25.3 18.8-25.1 23.2-24.1 20.2 28.6-29.7 -2B3
Galactose 5.8-9.0 3.4-7.1 7.0-13.0 8.2 4.7-5.4 5.3-6.2
Arabinose 24.7-25.6 25.9-31.2 23.9-25.1 28.0 21.5-26.1 .0-22.0

#Values are expressed as 2 cultivars.
® Values are expressed as 3 cultivars.

3.3.2. Extraction of corn pericarp with NaOH-uretusion

Solubility of CP in 0-8% NaOH solutions containifig8 M urea and relative
monosaccharide composition of the solubilized niatelare listed in Figure 3-1. The
solubility of CP in 2% NaOH containing 0-8 M ureaswirstly analyzed (Figure 3-1a).

The value increased with increase in urea cond@mriraand reached a maximum
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(72.2%) at 6 M urea. Subsequently, the solubilify @P and monosaccharide
composition of the solubilized materials in 0-8%¥& solutions containing 6 M urea
were analyzed (Figure 3-l1a, c). Solubility increhseith increase in NaOH
concentration and reached a maximum at 2% NaOH &itd urea (Figure 3-1b).
Addition of urea clearly enhanced the solubility@P below 4% NaOH. No significant
effect, however, was detected above 6% NaOH.

The carbohydrate composition analysis indicatesttteacontent of arabinoxylan in
the solubilized fractions with NaOH containing 6 Wlea increased with increase in
NaOH concentration and attained 69.3% at 2% NaQgu(e 3-1c). The residue was,
however, rich in cellulose. Previously arabinosgytose ratio (A/X) has been shown to
affect the solubility of arabinoxylan (Donetral., 1998). With increasing the values of
A/X, the solubility increased because of decreasingtermolecular and intramolecular
hydrogen bonds (Hoéijet al., 2008). Our results showed that the value of Aénged
from 0.84 to 0.72 by addition of 6 M urea in 2% N&Guggesting that the NaOH-urea
solvent system allowed extraction of widely brartharabinoxylans from CP.
Solubility of -glucan was also improved from 83.1% to 90.6% leyaldition of 6 M
urea in 2% NaOH as evident from the higher glucasetent of solubilized materials
with urea (25.2%) than that without urea (14.9%gy(Fe 3-1c, d). Comparable data was
previously reported by Bhatty (1993) who showed 8126 of 3-glucan was recovered

from barley by extraction with 4% NaOH.
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Figure 3-1. Effects of urea (a) and NaOH (b) on #mubilty of CP and the
carbohydrate compositions of the materials soloddi by extraction with 0-8%

NaOH-6 M urea (c) and 0.5-8% NaOH (d).

Typical LV-SEM images of the native CP and theduwsiafter treatment with 2%
NaOH-6 M urea are shown in Figure 3-2. The native @s thin fibriform structure.
Although a large amount of CP was solubilized by tileatment, the residues after the
treatment retained the original fibriforms accompdrby some cracks.

The present study shows for the first time the atifeness of the NaOH-urea
solvent system for solubilization of hemicelluloses CP. The NaOH-urea solvent
system has been originally developed for solultilraof cellulose (Cai and Zhang,
2006). Caiet al. (2008) proposed a solubilization mechanism thatftrmation of a
urea and cellulose-NaOH complex at low temperataliesved the rapid dissolution of

cellulose. The present study also shows that thienapcondition for solubilization of
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hemicelluloses in CP is 2% of NaOH in 6 M urea whiliffered from that of cellulose,

7% NaOH-12% urea-81% water (Cai and Zhang, 2006).

Figure 3-2. Typical LV-SEM images of the native @Rd the residue after treatment

with 2% NaOH-6 M urea. Scale bar representars0

3.3.3. Mechanical properties of films prepared veiiracted hemicelluloses

Since the extracted hemicelluloses form transpdiibng after simple drying of
their agueous solutions, mechanical propertieb@f films was subsequently analyzed
by the tensile test. The representative stressisttaves are shown in Figure 3-3. The
values of breaking stressufa), maximum strain gnay) and elastic modulesE) are
summarized in Table 3-2. Both maximum breaking sstrand maximum strain
increased with increase in tiegglucan content, and showed 72.5 MPa and 19.3%ein t
100% p-glucan film. Reverse relationship was, howeversesed in the elastic
modulus. Elastic modulus increased with increase¢ha arabinoxylan content, and
showed 3.30 GPa in the 100% arabinoxylan film. €hesults suggest thAtglucan
gives mechanical strength and plasticity to théiaxylan films. Arabinoxylan in the
films contributes towards stiffness against defdromand brittleness. The differences
observed iromax andemax Might be attributed to the strength of intermolacihydrogen

bonds between polysaccharide chafp$lucan, with about 70% of (1,4)-linked and
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30% of (1,3)-linkedDd-Glcp residues, has been shown to have strong interolatec
hydrogen bonds along the (1,4)-linked units (Elenogaet al., 2005). On the other
hand, arabinoxylan has been shown to possess dirimitermolecular hydrogen bonds
because of steric hindrance due to highly substitarabinose residues (Ebringereta
al., 2005). Randomly dispersgd(1,3)-Glgp units among the (1,4)-linked regions have
been demonstrated to increase flexibility of thelenole (Woodet al., 2003). The
values ofomax andemax for the extracted hemicellulose film containin@%.3-glucan
were 1.2- and 1.3-fold higher than those of arabjfam alone. These results clearly
show the improvement of physical strength and Hiixy of arabinoxylan films by the
addition of B-glucan. Izydorczyk and MacGregor (2000) reporthd existence of
non-covalent interactions between arabinoxylan @nglucan in barley. Recently
physicochemical properties of arabinoxylan filmsrevealso investigated for their
practical utilization as an edible film (Hoije{ al., 2008; Zhang and Whistler, 2004;
Stevanic.et al., 2011). Arabinoxylan film from corn hull has begimown to have 53.8
MPa ofomayx 6.2% oOfemaxand 1.32 GPa of modulus (Zhang and Whistler, 2004jle
that in rye flour the values were 52.4 MPa@fs, 4.7% oOfenax and 1.75 GPa of
modulus (Hoijeget al., 2008). In addition, Stevanet al. (2011) reported an interesting
result that addiction of 5% bacteria cellulose t@ab@moxylan film improved the
mechanical properties from 58 to 68 MPasgfxand 2.5 to 2.7 GPa of modulus. These
values ofomax data for the arabinoxylan films are slightly highban those of the
present arabinoxylan film, but are similar to thken$ prepared by the extracted

hemicelluloses containing 4.3peglucan.
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Table 3-2. Mechanical properties of biofilms.

Source of fims omax(MPa) emax(%0) E (GPa)
Arabinoxylan 46.3+5.4 28+0.8 3.30+£0.14
Extracted hemicellulose 56.2+8.1 35+17 3.MmR
(1:2) Mixture of arabinoxylan argglucan 60.5+12.7 12.4 + 3.7 2.30 £ 0.49
B-Glucan 72.5+19.5 19.3+45 1.93+0.38

Values are expressed as mean + 8B 5).

Arabinoxylan

--------- Extracted
hemicelluloses

- = = Mixture

=+ + B-Glucan

10 15
Strain (%)

20 25

Figure 3-3. Representative Stress-Strain curvdsobfms prepared from arabinoxylan,

the extracted hemicellulose containing 4.3%glucan content, (1:1) mixture of

arabinoxylan an@-glucan, ang-glucan.

3.4. Summary

Extractability of hemicellulosic polysaccharidesclinding arabinoxylan and

B-glucan by using NaOH-urea solvent system from @B firstly found in this chapter.

Solubilization rate of CP by the present systeraim¢d 72.2% at the condition of 2%

NaOH-6M urea. The extracted hemicelluloses couldnfdransparent films whose

mechanical properties were 56.2 MPa, 3.5% and &BA for breaking stressn(ay),

maximum strain gnay and elastic modulusE], respectively, as evaluated by tensile
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tests. These values were 1.2-, 1.3- and 0.94-fighdeln than those obtained by the film
of arabinoxylan alone. Results suggest that theeldped system is an attractive
technique desirable not only for convenient extoacbf hemicelluloses from CP but

also for the utilization of the extracted materiatsa source of flexible biofilms. Further,
similarity of the over-all chemical compositionsselved among the CPs isolated from
6 types of the matured corn kernels. The exceptias only obsereved in tiieglucan

content (3.2%) of CP from sweet corn.
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Chapter 4

Water sorption property of corn pericarp arabinoxylan

4.1. Introduction

Quiality control of the corn grain during cultivati@nd harvest is highly important
for the corn industry. One of the factors whichedetines the quality and preservability
of foods including corn flour and bran is moistw@ntent regulated mainly by their
water vapor sorption properties (Kumar, 1974; Darad Hines, 1993; Al-Muhtased
al., 2002). Since CP is the outermost layer whichtqmts the seed from the external
environment, the water vapor sorption charactegsof this layer is of principal
importance. For example, CP contributes the popguality of popcorn as the moisture
barrier. Pericarp withstands the pressure builinduthe heating due to the expansion of
moisture inside the kernel or its turn to steam k@a 1970). Chemically, the
hemicellulose portion of CP is mainly composed odbmoxylan as described in
chapters 2 and 3. Because water adsorbabilityystaltine cellulose is low (Cristensen
and Kelsey, 1959; Ishikura and Nakano, 2005), amaylan seems to act as a
determinant role for water vapor sorption propatyCP. Therefore, the water vapor
sorption characteristic of CP arabinoxylan hasealarified.

Previous studies indicate that the profile of amabe substitution of arabinoxylan
greatly alters its functional properties, such alilslity, water holding capacity and
viscoelastic properties (Izydorczyk and Biliadefi992; 1995). The degree of arabinose
substitution in arabinoxylan significantly variescarding to species of crops, parts of
plant and growth conditions such as seasons, tfpssl, weather, etc. (Izydorczyk and

Biliaderis, 1995), making artificial regulation oiks substitution necessary for
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characterization of the role of arabinose in thapprties of CP arabinoxylan. So far two
kinds of regulation method have been tried, onengymatic treatment (Hoijet al.,
2008) and the other is partial acid hydrolysis i(S#enalm et al., 2008). By
arabinofuranosidase treatment, highly controllechaeal of arabinose residues was
possible without reduction of ti(1,4) linked xylan chain length (Hoij al., 2008).
However, the commercial availability of the spexi@nzymes is an obstacle for this
method.

On account of the water vapor sorption propertis behavior is considered as a
process of penetrant solution and diffusion in oheterogeneous media and usually
described as a concept of the dual sorption th@disth et al., 1976). In the field of
wood science this process, usually shown by theaid) shaped sorption isotherm, has
been successfully characterized by the Haliwoodtmobin (H-H) model (Hailwood
and Horrobin, 1946). Detailed descriptions of thédHnodel can be found in Skaar
(1988). Briefly, in this model the water sorptiohvenody materials is considered to be
composed of the dual sorption processes of the dbom of a water monolayer
hydrated by hydrogen bonds (hydration process)tl@dormation of a water polylayer
consisting of a solid solution of water in the pobr (dissolution process) through an
equilibrium of three chemical species, unhydratedymper, polymer hydrates and
dissolved water. So far, many applications of thel Irhodel to woody materials have
been published (Spalt, 1958; Skaar, 1972; 1988h@kal Skaar, 1980; Simpson, 1980;
Hill et al., 2009; Yasudat al., 1994; Yamamotet al., 2005; Zaiharet al., 2009). For
the constituents of wood, Cristensen and Kelsep§19959) analyzed the detailed
water sorption behavior of cellulose, hemicellulemsd lignin and concluded that

approximately 80% of water sorption is attributedhemicellulose and cellulose. The
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hydration sites of cellulose are only present mnbn-crystalline region because strong
hydrogen bonding within the crystalline region prets access by the water molecules
(Cristensen and Kelsey, 1959; Ishikura and NakaB005). Acetylation of
glucuronoxylan decreased its water sorption capa@idrondahlet al., 2003) in
comparison to other polymers (Krevelen and Hofty26i76).

However, the physical presence of water in woochotibe explained by the H-H
model alone (Hartley et al., 1992) because the hamks not deal with the exposure of
new hydration sites as a polymer swells due to me&deption, or the resistance of the
structure to swelling, all of which lead to diffities in describing the dissolution
process. Nakano (2006) has, therefore, improvedgad ghs sorption model (Koros and
Paul, 1978) to describe the water vapor sorptiohater of woody materials
strengthened at the dissolution process by a linearbination of the Langmuir and
Henry’'s equations. His model differs from the H-kbahel in that the hydration process
and dissolution process are linearly dealt witrepehdently, so that we designated this
new model as the independent dual sorption modelding this sorption model, it is
possible to investigate the detailed water sorptobraracteristics of arabinoxylan
associated with its chemical and physicochemicapgrties.

By taking these problems into consideration, is thapter, therefore, preparation
of aranbinoxylans different in degree of arabinsslstitution was firstly carried out by
partial acid hydrolysis of the arabinoxylan extemtfrom CP. Because of necessity of
production of 10 g order purified arabinoxylan irder to characterize properties of
arabinoxylan, CP obtained from corn starch industigs used as a raw material.
Regression analysis with the method of least sgulaas been applied to describe the

removal of arabinose from the arabinoxylan. Nexgjrt chemical and physicochemical
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properties of CP arabinoxylan were investigatedetail. Finally, the role of arabinose
substituents for water adsorption behavior of arakylan was comparatively

investigated on basis of the independent dual morphodel and the H-H model.

4.2. Materialsand Methods
4.2.1. Materials

CP supplied from a corn starch manufacturer (Sa@ammstarch Co., Ltd.) in Nara
Prefecture, Japan, was treated twice with hot wa@2t°C, 1 h) and dried overnight at

45°C.

4.2.2. Preparation of arabinoxylan

Arabinoxylan was prepared from CP as describedertian 3.2.2. with slight
modification. CP was treated three times with dimgksulfoxide at room temperature
to remove starch, and the residue was extractee tthnmes with 4% KOH for 24 h at
room temperature. The extracted solution was toeayegraduated ethanol precipitation.

The materials precipitated between 30-50% EtOH wbtained as arabinoxylan.

4.2.3. Preparation of partially degraded arabinang!

The isolated arabinoxylan was solubilized in distilwater at 70°C to make 1%
concentration. For partial acid hydrolysis thisusiin was adjusted to pH 1.0 with
hydrochloric acid and incubated for 1-6 h at 37&7Ethanol pre-cooled to 4°C was
added to make about 70% ethanol and the precigitaigterials were recovered by
centrifugation. Precipitants were washed with 7G#@eol, ethanol, acetone, and dried

at 60°C to give partially degraded CP arabinoxy@amples.
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4.2.4. Chemical analysis

The monosaccharide composition of the arabinoxgamples was analyzed as
described in section 2.2.2. The molecular weiglstritiution of the arabinoxylan
samples was analyzed with size exclusion chromapdgr on a column (8 x 50 cm) of
YMC-Pack Diol-120 at 25°C using pullulans (Shodemrfslard P-82, Showa Denko,
Co., Ltd.) as calibration standards. The eluent wasM sodium phosphate buffer
containing 0.1 M NaCl, pH 6.8, and the flow ratesw@.6 mL/min. Elution was
monitored using a refractive index detector (TORBG8) and recorded by a Waters 741
Data Module. X-Ray diffraction profiles of the anatixylan samples were measured by
Rigaku Ultima IV, using Ni filtered Cu- radiation § = 0.1542 nm) at 40 kV and 40
mA. The scanning of 2 (5-40°) was conducted with speed of 2°/min. IMPS8S

institute Inc.) was used for data analysis.

4.2.5. Characterization of water adsorption behavio

Water adsorption isotherms of all arabinoxylan dasipvere determined by the
gravimetric method. Arabinoxylan samples were vaoedrdried over night at 70°C,
and weighted. The water vapor sorption experimesgie conducted for over 3 weeks
at 20°C under 0-8% relative humidity (RH); condmtal with 14 kinds of saturated salt
solutions consisting of LiCl (11% RH), GEOOK (25% RH), MgCl (33% RH), CaGl
(40% RH), KCO; (43% RH), Mg(NQ), (53% RH), NaBr (63% RH), NaCl (75% RH),
SrCh (77% RH), (NH),SO: (82% RH), KCI (87% RH), BaGl(92% RH), KNQ (96%
RH), and kSO, (98% RH). Then the water vapor sorption behavias wharacterized
by the independent dual sorption model (equatidr) 4nd the H-H model (equation

4-2), respectively:
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MM +M. = MdpH 1800 KyH
P 100+bp,H W 100- K H

(4-1)

M oM. +M. 21800 KKH 1800 K,H (42
S W 100+ K,K,H W 100-K,H

whereM is the equilibrium moisture content (w%) at a giieH, My is the moisture
content (w%) associated with water of hydratibl, andMs are the moisture contents
(W%) associated with dissolved water for the indelamt dual sorption model and the
H-H model, respectivelyMy is the saturation concentration (w%) in Langmoipsion
processp is hole affinity constant (KP3 andpy is the saturated water vapor pressure
(KPa), H is the relative humidity (W%XKp is Henrry’'s parameteMWV is molecular
weight of polymer per mole of water sorption sit&s.is the equilibrium constant
between water of hydration and dissolved water, ldnds the equilibrium constant
between water vapor and dissolved water. The eetaildependent dual sorption model
used in this study can be found in Nakano (2006Yhis study, the moisture contents
under 22-43% (RH) and 88-95% (RH) were used adtisarplata at low humidity and
high humidity, respectively, for calculation of tiedependent dual sorption model.
The valuesVly, b andKp are determined by plotting H/M against H to givienaarity of

the form shown in equations 4-3 and 4-4.

H_ 1 1
M. Mpb M, (4-3)
H_ w1 W

- “1s800" (4-4)
M, 1800K, 1800
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4.3. Resultsand Discussion
4.3.1. Removal of arabinose substituents from pencarp

The relative monosaccharide compositions of theeabteéd arabinoxylan and the
partially acid-hydrolyzed arabinoxylans are listé Table 4-1. The raw CP
arabinoxylan has a relative carbohydrate compesitic66.3% xylose, 23.3% arabinose
and 8.7% galactose. In general, the degree ofravabisubstitution in arabinoxylan is
denoted by the molar ratio of arabinose to xyl@¥X). The value of A/X (0.35) for the
CP arabinoxylan was slightly lower than those abaroxylans from various cereal
grains so far reported, 0.50-0.65 (corn), 0.50-1v@iTeat) and 0.48-0.78 (rye) (Saulnier
et al., 1995; Yadawt al., 2007b; Izydorczyk and Biliaderis, 1995). Duringtp acid
hydrolysis, the A/X value decreased with increadiygrolysis temperature and time,
reaching 0.02 at 57°C for 6 h (Table 4-1), indicgteffective removal of arabinose
residues in accord with the observation reported\ystler and Corbett (1955) and

Whistler and BeMiller (1956).

Table 4-1. Relative monosaccharide compositionsthaf untreated and partially

hydrolyzed arabinoxylans.

Hydrolysis condtions Relative monosaccharide comjmos (%, w/w) Ara/xy!
Temperature (°C)  Time (h) Ara Gal Glc Xyl n
Untreated arabinoxylan 23.3 8.7 17 66.3 tr 0.35
Acidic hydrolysis
37 1 18.0 8.4 5.2 68.2 0.1 0.26
37 3 12.6 6.5 13.7 67.2 tr 0.19
37 6 11.7 7.5 6.2 74.4 0.2 0.16
47 1 14.7 8.7 4.2 66.4 6.0 0.22
47 3 94 6.6 4.8 76.8 24 0.12
47 6 4.8 5.0 6.7 77.8 5.7 0.06
57 1 14.0 8.6 44 67.5 5.6 0.21
57 3 4.5 35 3.7 88.3 tr 0.05
57 6 14 2.7 10.0 75.9 10.0 0.02
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Figure 4-1. Effects of hydrolysis temperature amgeton removal of arabinose from

corn pericarp arabinoxylan.

The effects of the hydrolysis temperature and tonethe extent of removal of
arabinose from the CP arabinoxylan were furthefuatad by regression analysis with
the method of least squares (Figure 4-1). Whervahee of A/X was used as the degree
of removal of arabinose, the regression model wgzessed as in the following

equation:

Y = 7.087x10* - 5.357x107 X, -1.421x107 X, - 7.533x10" X, X,
+8.373x10° X, X, +1.189x10™ X, X,

where,Y is the value of the A/X ratio of arabinoxylan afgartial acid hydrolysis, and
X1 and X, are the hydrolysis time (h) and temperature (Y€¥pectively. After the
regression model was analyzed using analysis advae, the correlation coefficient of
the regression model was as high as 0.98 ang-italue was significant at the

probability level of 5% (Table 4-2). The presengression model revealed that the
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effect of hydrolysis temperature on the releasarabinose by dilute acid hydrolysis
was stronger than that of treatment time, in goggdeement with the previous
observation of Sternemalet al. (2008) for rye arabinoxylan. The regression asialy
also allowed the prediction of hydrolysis condigdo yield various A/X ratios from CP
arabinoxylan. Thus, the partial acid hydrolysis ditons for the preparation of CP
arabinoxylans with A/X values of 0.25, 0.12 and3abe expected to be 37°C for 1 h,
47°C for 3 h and 57°C for 3 h, respectively, acoaydo the regression model (Figure

4-1).

Table 4-2. Analysis of variance for the regressiwdel.

Degree of Sumofsquare Mean square F-value p-value
freedom
Model 5 0.0572 0.0114 34.4482 0.0075
Residual 3 0.0010 0.0003
total 8
R? 0.98

The degree of substitution by arabinose in aralyilaox remarkably affects its
solubility due to intermolecular hydrogen bondswesn unsubstituted xylan chains
(Nieduszynski and Marchessault, 1972; Andrewaetha., 1979) disrupting hydration.
Therefore, the solubility of the three kinds of @Rbinoxylans in water was analyzed
(Table 4-3). The results showed fairly good soltijpivas still maintained-irfor the
arabinoxylans with low A/X ratios, but a clear tdetowards decreasing solubility with
lowering the A/X ratios is evident.

The molecular weight distributions of the nativeat@noxylan and partially

hydrolyzed arabinoxylans at pH 1.0 were investigaising SEC by dissolving in 5 mM
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sodium phosphate buffer containing 0.1 M NaCl (pB) §Figure 4-2). The untreated
arabinoxylan showed a broad elution profile havingeak around 28 min which was
equivalent to a mean molecular weigMw)) of 53.6 x 18. This value is within the
range given for arabinoxylans from corn fiber (%.30° to 300 x 16, Yadavet al.,
2008). After partial acid hydrolysis at pH 1.0, lexer, theMw values of the recovered
arabinoxylans decreased to approximately 37.3% 186 x 16 and 7.2 x 1dfor the
A/X values of 0.25, 0.12 and 0.03, respectivelytha case of the partial hydrolysis of
the rye arabinoxylan with 0.025 M oxalic acid at®&dhe A/X andMw values went
from 0.52 and 305 x fObefore hydrolysis to 0.36 and 8.6 x31Gespectively
(Sternemalnet al., 2008). Further hydrolysis produced aggregates am A/X range of
0.31-0.23, and precipitation took place below A/Xues of 0.1. Similar agglomeration
was also observed in enzymatically treated ryeiaoalglans with A/X ratios of 0.30
and below (Hdijeet al., 2008). In contrast, no such remarkable behavas detected
for the CP arabinoxylan (Table 4-3). This variatroay be caused by differences in the
molecular weight and substitution profile of theotwrabinoxylans. In addition, the
present partial acid hydrolysis of the CP arabimaxyndicates that hydrolysis at lower
temperature for longer time resulted in removalacdbinose substituents with less
degradation of the main xylan chain.

Next the crystalline properties of the CP arabinany were analyzed by X-ray
diffraction (Figure 4-3). All X-ray diffraction ptgrns showed a broad peak centered at
around 18°, indicating the presence in amorphoai®.sDeaet al. (1973) reported that
lower branched arabinoxylan from sugar cane wasveyed as crystalline aggregates.
Nieduszynski and Marchessault (1972) reported ploa¢ (1,4)B-D-xylan was able to

crystallize if dried slowly. Hoijeet al. (2008) prepared rye arabinoxylans with A/X
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ratios between 0.50-0.20 by enzyme treatment armveth the semi-crystalline
properties of arabinoxylans which had A/X ratiosolae0.30. They also reported that
all samples formed cohesive films upon drying withaddition of external plasticizers.
With regard to the film formation of the CP aralmaglans, only the untreated one
could form a film after simple drying of its aqueosolution. All the samples of

desubstituted CP arabinoxylans had lost the aligitiorm films probably due to their

low molecular weights.

Table 4-3. Effects of the acid hydrolysis of araiylan on solubility in water.

Hydrolysis condtions

- Solubility (%) A/X
Temperature (°C) Time (h)
Untreated arabinoxylan 99.1 0.35
Acid hydrolysis
37 1 93.1 0.26
47 3 88.0 0.12
57 3 86.2 0.05
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Figure 4-2. Molecular weight distributions of copericarp arabinoxylan samples;
untreated arabinoxylan (A) and arabinoxylan hydretyat pH 1.0 and 37°C for 1 h (B),
at 47°C for 3 h (C) and at 57°C for 3 h (D). TheXAatios of arabinoxylan samples are

0.35 (A), 0.25 (B), 0.12 (C) and 0.03 (D).
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Figure 4-3. X-ray diffraction patterns of arabintaty samples; untreated arabinoxylan

(A) and arabinoxylan hydrolyzed at 37°C for 1 h,(B) 47°C for 3 h (C) and at 57°C
for 3 h (D). The A/X ratios of arabinoxylan samp&s 0.35 (A), 0.25 (B), 0.12 (C) and

0.03 (D).



4.3.2. Water adsorption behavior of corn pericagbimoxylan

All CP arabinoxylans having different arabinose teoh showed sigmoidal shaped
adsorption isotherms grouped in IUPAC Type Il sanito those of hemicelluloses
isolated from softwood and hardwood (Sadoh 1962)196he profiles except that of
AX-03 which had the lowest A/X value of 0.03 areowsim in Figure 4-4. Previous
results on corn flour and bran also showed sinsilgmoidal shaped sorption isotherms
(Kumar, 1974; Dural and Hines, 1993). The authdrrdit, however, further mentioned
about characterization of the isotherm of AX-03 &ese of necessity of taking
contribution of terminal residues into consideratidue to its lowness in molecular
weight of the order of O When the isotherms given at low and high RHs were
analyzed individually, the behavior of arabinoxydabserved at low RH was similar to
hemicellulose, while the behavior at high RH wasteti to somewhat higher region
than the level of hemicellulose (Sadoh, 1961; 19B2addition, Sadoh (1962) has also
reported the presence of a slight difference inewatorption behaviors between
hemicelluloses from softwood and hardwood at highidity. Degree of steepness of
the increase in sigmoidal isoforms constantly evidat higher RH in all CP
arabinoxylans was similar to that of wood hemidele but substantially higher than
those of cellulose and lignin (Cristensen and Keld®59). These results suggest that
the type of hemicellulose affects its water somptiehavior especially at high relative
humidity. Indeed, moisture content of CP arabinarygl increased with increase in the
A/X ratio at high humidity conditions (Table 4-4) good agreement with the water
absorption of rye arabinoxylan films (Hoigk al., 2008). On the other hand, inverse
relationship was slightly observed at low humidifiese results suggest that the effects

of degree of substitution in arabinoxylan on themater sorption behavior are
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specifically detectable at high relative humidity.
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Figure 4-4. Effects of degree of arabinose suligiituon water vapor sorption isotherm

of corn pericarp arabinoxylans; the values of A&Lio are (a) 0.35, (b) 0.26 and (c)

0.12, respectively.

Table 4-4. Effects of the degree of arabinose gukish on the moisture content of

arabinoxylan samples at low (11%), middle (62%) laiggh relative humidity (97%).

Moisture content (W%)

Material Relative humidity

11 % 62 % 97 %
AX-12 4.84 15.11 76.58
AX-26 4.80 15.25 83.35
AX-35 4.69 16.26 93.05

For further characterization of the water vapor pson

behavior of CP

arabinoxylans, the experimental results were fitlegd using two models, the

independent dual sorption model (Nakano, 2006) taedH-H model (Hailwood and

Horrobin, 1946). The data in the two different ntaie content regions of low humidity

(22-43%, RH) and high humidity (88-95%, RH) weredigor interpretation according

to the independent dual sorption model, while whidéa throughout 0-98% RH were
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included in the H-H model. The parameters and eoefft correlation value of fitting
the independent dual sorption model and H-H modedlewisted in Table 4-5. The
results indicate that both regression models shayeed fit to all experimental results
with high correlation values:f) of above 0.93.

Firstly, the data in the former regions were ddmdi by the independent dual
sorption model. The value of modified affinity ctest (b) for the native CP
arabinoxylan (89.46KPa™) decreased with decrease in the degree of arabinos
substitution (lowering in the A/X ratio). Becaubeepresents the affinity of the water
for hydration sites in arabinoxylan (Koros and Pd78), the present results implies
that an increase in the degree of arabinose sutistitin arabinoxylans increased its
affinity to water molecule. Similarly the compasiparameterK (= Mob/100Kp),
which implies the magnitude of Langmuir sorptioatee to Henry’'s law sorption
(Koros and Paul, 1978), decreased with loweringh@ A/X ratio. These parallel
alleles implies that removal of arabinose penddms the main (1,4)-linked xylan
chain gradually reduces the Langmuir capacity ef@ arabinoxylan.

Inversely, the value d1powhich is interpreted as a site capacity constart alue
of saturated concentration for Langmuir sorptioocess originally given as 24.24% for
arabinoxylan with A/X ratio of 0.35 increased witllecrease in the A/X ratio (Table
4-5). The present estimated values of saturatedecdration were substantially higher
than the previous results such as 10.4 for Japanygsess, 10.8 for Japanese cedar, 9.7
for Japanese red pine, 10.7 for Japanese beech fdrOShinanoki, 9.9 for Makanba
(Sadoh 1961; 1962), 5.10-5.60% for sitka spruces(daet al., 1994; Hillet al., 2009),
and 2.65-4.53% for natural fibers (Hiét al., 2009). Indeed the values ™y as

saturated concentration for Langmuir sorption i tbresent cases are desirably
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obtained around 10% based on the isotherms shoviigure 4-4. This discrepancy
may be originated from mismatching of the estinratazcording to Nakano (2006).
Further research is necessary for correction.

By using the H-H model, the valueskf showed no apparent relationship with the
degree of arabinose substitution in arabinoxyldre previously reported values fi§g
varied in a range within 8.21-28.80 for woods, 45387 for oil palm trunk fibers,
3.30-5.24 for bamboo and 3.29-14.07 for acetylatedd (Spalt, 1958; Yamamott
al., 2005). The present values for the CP arabinoxylahsl 8-12.26) were closer to the
woods than monocotyledonous materials.

Secondly, the data in the high humidity region wedescribed by the individual
dual sorption model. The Henrry’'s parametip) in the independent dual sorption
model (equation 4-1) is corresponding to the elguidim constant oK, in the H-H
model (equation 4-2). Both Henrry’'s paramefi§p) and equilibrium constant df,
were estimated at 0.90-0.89 and 0.95-0.92, resmégtifor the CP arabinoxylans.
These values were in the similar order of Kevalues previously reported ranging
within 0.750-0.83 for woods, 0.89-0.95 for oil patrank fibers, 0.81-0.84 for bamboo,
and 0.73-0.86 for acetylated wood (Spalt, 1958; daotoet al., 2005; Zaiharet al.,
2009; 2011). The number of hydration sites in arakylans was represented HgV in
the independent dual sorption and H-H models (T4big. By using the independent
dual sorption model, the calculated number of hiydnasites decreased from 0.00707
to 0.00587 with a decrease of the degree of arabisabstitution, while no trend could
be shown in the H-H model. The value of numberaifration sites has been reported
ranging within 0.0027-0.0037 for wood, 0.0015 forcethylated wood and

0.0023-0.0029 for bamboo (Spalt, 1958; Yamanaital., 2005; Zaiharet al., 2009,
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2011).

The water sorption behavior of polymers at high Idity is depended on their
physicochemical properties, such as intermolecsaociation of polymers and the area
(free volume) available for water molecule to alsarthe polymer matrix (Hartley and
Peemoeller, 1992). Nakano (2003) analyzed the tsffefcsize of woody samples on the
dissolution process and reported that the moistortent of powder samples was
higher than block samples at high humidity becaafsestrictions of swelling by tight
cell-wall structure in the latter cases. The presasults suggest that the higher
branched arabinoxylans are more susceptible tolisgyednd, thus, have much more
free volume in the matrix than the lower branchedso This interpretation was in good
agreement with the previous findings that the stietl arabinose in arabinoxylan
prevents intermolecular association of xylan chdh&ije et al., 2008) and induces to
take more extended conformation (Andrewasha., 1979).

Based on the results presented above, it will saffto conclude that the
independent dual sorption model is desirable faratterization of the water sorption
behavior of arabinoxylans in comparison with thedHnodel, although improve in a
direction to attain more precise estimation of Ssurated concentratiorMf) for
Langmuir sorption in the former model is desirablEne results also opened
applicability of the independent dual sorption mlottecharacterize physicochemical

properties of a wide variety of the related bramchatural polymers.
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Table 4-5.The parameters and coefficient correlation valueshe individual dual

sorption model and the H-H model.

. Material
Analysis model Parameter

AX-35 AX-26 AX-12

b, KPa™ 89.46 60.08 40.84

Low humidity Mg, % 24.24 28.68 39.56

R 0.99 1.00 0.99

Independent duat
. Kb 0.90 0.89 0.89
sorption model

High humidity 1/w, g‘l 0.007070 0.006691 0.005870

R 1.00 0.93 0.99

Mob/100Kp K 24.21 19.42 18.16

K1 12.26 11.18 11.21

K, 0.95 0.95 0.92

Hailwood & Horrobin model Ki1*K: 11.66 10.56 10.35
/W, g‘l 0.003852 0.003697 0.003864

R® 0.97 0.98 0.96

4.4. Summary

In this chapter, the role of arabinose substitua@itarabinoxylan for its water
sorption properties was discussed. PreparatioheofCP arabinoxylan with removal of
arabinose substituents was firstly carried out éigl acid hydrolysis at pH 1.0 for 1-6
h at 37-57°C. The extent of removal was followed regression analysis with the
method of least squares. Using the regression I@rafiree kinds of desubstituted
arabinoxylans having A/X ratios of 0.25, 0.12 an@30with mean molecular weights of
37.3 x 16, 15.6 x 16 and 7.2 x 1®could be prepared from native arabinoxylan (A/X
ratio 0.35 and mean molecular weight of 53.6 %).18ll CP arabinoxylans were in the
amorphous state and the film forming ability of thegtive state was lost after partial
acid hydrolysis. The decrement in the degree obiacse substitution decreased its

solubility.
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All arabinoxylan samples gave similar sigmoid slibpdsorption isotherms
grouped in IUPAC type Il. When isotherms were amety on the basis of the
independent dual sorption model and the H-H mddelformer model was found to be
usable for demonstrating that removal of arabinpeE®lants from the main (1,4)-linked
xylan chain gradually reduces the Langmuir capagityhe CP arabinoxylan. Results
may provide crucial information for industrial ugétion of arabinoxylan and indicate
the future applicability of the independent duaipsion model to characterize hydration

behavior of the other kind of branched polymers.
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Chapter 5

Extraction of p-(1,3;1,4)-glucan from corn pericarp

5.1. Introduction

Commercially important cereal grains, such as batley, rye, wheat and corn
grains, are commonly known to contdirglucan whose content varied in ranges of
1.8-8.5% for oat (Wood, 2010; Wood and Beer, 1938),1% for barley (Wood and
Beer, 1998), 1-3.4% for rye (Roubroeks and Aman)0200.18-1.8% for wheat
(Pritchardet al., 2011) and 0.5-1.3% for corn (Demirbas, 2005¢sEnce of-glucan in
the grain is rather localized in the cell-wallsstbrage tissues, such as aleurone layer
and endosperm (Woad al., 1983; Philippest al., 2006; Ebringerovat al., 2005).

The functionalities oB-glucan have increased the popularity and consomjuf
cereal-based foods and stimulated the researclts oéxtraction and concentration.
Previously, fractions rich ifi-glucan have been obtained from cereal grains ky dr
milling processes (Kirylulet al., 2000) or solvent-extraction procedures (Ahread .,
2009; Beeret al., 1996; Bhatty, 1993; Wood al., 1989; 2003). The key extraction
method off-glucan has been developed by Wabdl. (1989), that is a treatment with
sodium carbonate solution at pH 10 to give a pupar of 78%/p-glucan from oat
flours. Although these approaches have resultecbircentrates or isolates containing
high purityp-glucan (up to 95%) (Lazaridou and Biliaderis, 20@@e extraction rate of
B-glucan has been reported in range from 16.6 to @&hito-Romaret al., 2011).

The NaOH-urea solvent system allowed increasingpetability of hemicelluloses
including B-glucan from CP at 2% NaOH-6 M urea under low terapee as described

in chapter 3. In this chapter, the condition oftkblvent system was optimized for
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extraction off-glucan present in CP. Additionally, effects oflgklse crystallinity on

extrability of B-glucan were investigated.

5.2. Materialsand Methods
5.2.1. Materials

CP was prepared from sweet corn kernel as desciibgection 3.2.2. Barley flour
and oat meal were purchased in a local supermark&pan. Water soluble materials
were extracted with hot water (121°C) for removiastarch. Water insoluble materials
were recovered by centrifugation (3000 rpm, 20°C,ndin), and dried over night at

55°C.

5.2.2. Extraction of-(1,3;1,4)-glucan

B-Glucan was extracted from CP, water-soluble frasely flour and water-soluble
free oat meal with 2% NaOH-6 M urea solution asdbed in section 3.2.4vith slight
modification. Samples were soaked in 2% NaOH smtutiontaining 6 M urea at the
fixed liquid to solid ratio of 125 mL/g. Solutiongere freezed at -20°C over night and
thawed at room temperature. After repetition okhieg and thawing treatments (0-7
times), the solutions were filtrated to remove lobte residues. The solubilized
fraction was neutralized with acetic acid, dialyzagainst water and subjected to
ethanol precipitation. The precipitated materiaésevrecovered by filtration, and dried
over night at 45°C after thorough washing with etfiaand acetone.

CP was extracted with 3 different solvents whictvehgreviously applied for
extraction off-glucan from oat under the fixed liquid to solidioaof 125 mL/g; a

solution whose pH was adjusted to 10 with 20%Q\@; (45°C for 30 min) according to
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Woodet al. (1989), 1 M NaOH (at room temperature for 5 joading to Ahmadkt al.
(2009), and 1 M HCI containing 0.09 g/mL of KCI (edom temperature for 1 h)
according to Battyt al. (1991).

CP was powdered by ball milling for 1-10 min (Mod&C-300 Cryogenic Sample
Crusher, Japan Analytical Industry Co., Ltd.) withe of a set of a titanium pot-type
cell (capacity 12 mL) and a tungsten carbide dte#lunder liquid nitrogen. Powdered
CP samples were extracted with hot water (90°Qitalialkaline solution adjusted to
pH 10 with 20% NgCOs; at 50°C, 2% NaOH, and 2% NaOH in 6 M urea eaclh 24
room temperature. Solubilized materials and residwere recovered as described
above.

Content ofp-glucan was determined as described in sectior8.3adhd 3-glucan

extraction rate was determined by an equation:

[-Glucan extraction rate (%) = 100 x (1- @mount of S-glucan in residue/ amount of

p-glucan in raw material))

5.2.3. Chemical analysis

The monosaccharide composition and molecular welgdttibution of solubilized
materials were investigated as described in se@i®12. and section 4.2.3., respectively.
X-Ray diffraction profiles of residues were measias described in section 4.2.3. The
crystalinity of cellulose was determined by follogi equation according previous

report (Gotoet al., 1985):
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Cdlulose crystallinity (%) = 100 x (An intensity of a peak originated cellulose
crystalline plane (002) - An intensity of a peak at 18°)Y( An intensity of a peak

originated cellulose crystalline plane (002))

5.3. Resultsand Discussion
5.3.1. Optimum condition of extraction §f(1,3;1,4)-glucan

CP was soaked in 2% NaOH solution containing 6 Bauand the mixtures were
freeze (-20°C)-thawed for 0-7 times. Solubility tially depressed from the value
without the freeze-thaw treatment (78.2%), but gedlg increased by repeating the
freeze-thaw treatment, and attained 79.7% afteersekeatments (Figure 5-1a). The
results of sugar compositional analysis indicatd the extracted materials were mainly
composed of hemicellulosic polysaccharides comgjsthainly of arabinoxylan with
4.3-6.1% ofp-glucan (Table 5-1). The amount of extracfeglucan did not show
depression by the freeze-thaw treatmet, increagelmly from the value without the
freeze-thaw treatment (75.7%) until three treatsdB7.8%), and showed a plateau
between three to seven treatments, attaining thenmuan value at seventh treatment
(98.2%) (Figure 5-1b). The inclement of the exi@ttrate offi-glucan induced by the
freeze-thaw treatments in the presence of 6M urega estimated as 22.1% and 22.5%
after three and seven repetitions, respectively.

In the cases of NaOH alone, both solubility andraetion rate off-glucan
gradually increased from the values of 67.1% and%7to 75.0% and 85.4%,
respectively, after three repetitions of the fretbmav treatment (Figure 5-1a, b). By
comparing the results obtained by addition of uneedement evoked by inclusion of 6

M urea was observed 11.1% in solubility and 8.7% dxgtraction rate of3-glucan
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without freeze-thaw treatment. However, additiopedmoting effects induced by the
freeze-thaw treatment were clearly observed onlthenextractability o3-glucan, the

inclement being calculated as 10.7% after seveatitems. Namely, the inclement of
the extraction rate di-glucan induced by the freeze-thaw treatments @fsimple 2%

NaOH solutions was estimated as 18.4% and 20.5ét tifitee and seven repetitions,
respectively, cloth to the corresponding valuesioletd by the inclusion of 6M urea as
above. Enhancement of the extraction rate-giucan by addition of urea may be
originated from splitting hydrogen bonds induced Umga at peripheral region of

B-glucan molecules.

5.3.2. Effects of NaOH-urea solvent system on taskei crystallinity

The X-ray diffraction and carbohydrate analysescaig that the residues remained
after these treatments were mainly cellulose. Insioarof CP in both 2% NaOH and
2% NaOH-6 M urea solutions at room temperaturendidclearly disrupt the crystalline
property of cellulose in CP (Figure 5-2). One fe¢lzaw treatment was, however,
enough to disrupt the natural cellulose | crystallallomorph of CP (Figure 5-2). These
results suggest that the increase in extractalbilitp-glucan for approximately 20%
induced by the freeze-thaw treatment is ascribabldisruption of crystalline property

of the cellulose in CP.
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Figure 5-1. Effects of repetition of freeze-tha@aitments of NaOH-urea solvent system

on solubility (a) ang-glucan extraction (b).
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Figure 5-2. X-ray diffraction patterns of (a) na&tiecorn pericarp, residues (b) without
and (c) with one freeze-thaw treatment with 2% Na@M urea, (d) without and (e)

with one freeze-thaw treatment with 2% NaOH.
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Table 5-1. Effects of NaOH-urea solvent system oolegular weight and sugar

composition of solubilized materials.

Molecular Relative monosaccharide composition B-Glucan
Freeze- . B-Glucan .
; weight (%, wiw) extraction
thaw times content (%) 0
(x10'Da)  Ara Gal Glc Xyl rate (%)
Corn pericarp - - 26.1 54 28.6 40.0 3.2 -
0 50.2 33.8 6.2 7.8 52.2 4.3 75.7
NaOH-urea
3 55.4 31.0 6.3 16.6 46.2 5.7 97.8
NaOH 0 49.0 35.5 7.0 6.8 50.7 4.8 67.0
3 50.0 32.1 7.0 14.4 46.5 6.1 85.4

For further investigation of the effects of crybte property of cellulose on
extractability off-glucan, CP was pre-treated with ball-milling terdipt crystallinity of
the cellulose in CP. The rate @fglucan extraction with 4 kinds of solvents (hotteva
NaCOs, NaOH, NaOH-urea) increased with decrease in a@itysty (Table 5-2). Again
the NaOH-urea solvent gave the highest extractabolf p-glucan from CP. These
results clearly indicate the existence of firm iatgions betweefi-glucan and cellulose
in CP and thus disruption of cellulose resultedeimhancement of the solubility of
B-glucan. Lazaridowt al. (2004) showed that ceregiglucan has cellulose-like blocks
of (1,4)-linkage sequences longer than the cetladbse (up to 9-14 glucopyranosyl
residues were observed). These oligomeric celldigseregions inp-glucan might
allow the strong interaction with cellulose.

Similar disruption of the crystalline property délicilose was known to occur by
the freeze-thaw treatment with 8-10% NaOH solufflmogai and Atalla, 1998). The
NaOH-urea solvent could dissolve cellulose compjletend rapidly at optimum
concentration of 7-8% NaOH / 11-12% urea at lowgerature (Cai and Zhang, 2006).

The formation of a urea and cellulose-NaOH comm@exow temperatures seems to
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allow splitting of not only the intermolecular amatramolecular hydrogen bonds of
cellulose (Caiet al., 2008) but also inter molecular hydrogen bondsraied between

cellulose ang-glucan leading to dissolution ffglucan.

Table 5-2. Effects of cellulose crystallinity ontebility of p-glucan.

Ball miling  Crystallinity B-Glucan extraction rate (%)

time (min) (%) Hot water NaCOs NaOH NaOH-urea
0 19.8 - - 67.0 75.7

1 15.7 34.6 311 71.4 88.4
2.5 14.4 43.3 35.6 80.3 88.8

5 13.1 41.0 48.5 81.7 89.7
10 11.0 44.6 55.6 85.6 93.1

5.3.3. Comparison of NaOH-urea solvent system wiitter solvents

The content of-glucan in the solubilized materials with the 2%0NM&6 M urea
solution was comparatively low (5.7%) because aftamination win arabinoxylan
(Table 5-1). It has been reported that the mageeatracted with NaOH and MaOs
(pH 10) contairp-glucan at 59.7-57.1% and 54.7-72.9% from oat olegarespectively
(Bhatty, 1993; Beeet al., 1996; Woodkt al., 1989; Burkus and Temelli, 1998).

The molecular weight of the solubilized materiad9.0-55.4 x 1 kDa) was
slightly affected byaddition of urea to the NaOH solution and repatitiof the
freeze-thaw treatment (Table 5-2). Comparative dhtve been reported for
arabinoxylans from corn fiber (0.93-30.0 x*1kDa) (Yadavet al., 2008) and for
B-glucans from oat (3-6.5 x 1@Da) and barley (15-250 x 1@Da) (Ebringerovét al.,
2005).

For extraction off-glucan from CP, the NaOH-urea solvent system wagrsor to
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the other solvents previously applied for oat amaldy (Table 5-3). Moreover, this
solvent system also allowed the effective extractbp-glucan from oat meal (82.7%)
and barley flour (92.5%), giving materials whicle aich inp-glucan (8.0% for oat and
11.2% for barley). Much lower extraction rates wezported previously; extraction of
49.5-70%0p-glcuan with NaCO; solution from oat and barley (Bhatty, 1993; Burkus
and Temelli, 1998), 78.1-84% extraction for barlgglcuan with NaOH solution
(Ahmad et al., 2009; Bhatty, 1993), and 44.7% extraction witllHsolution from

barley (Bhattyet al., 1991).

Table 5-3. Comparable data of NaOH-urea solventesysand previoug-glucan

extraction solvents.

B-Glucan

I
Sample Solvent Solubility (%) extraction rate (%)

Corn pericarp

NaOH-urea 74.3 97.8

1 M NaOH 66.0 65.0

NaCOs, pH 10 5.9 20.4

1 M HCI 55 16.2
Oat meal

NaOH-urea 82.8 82.7
Barley flour

NaOH-urea 78.1 92.5

5.4. Summary

Three repetitions of the freeze (-20°C)-thaw treattrallowed extraction of almost
all B-glucan (97.8%) present in CP. Disruption of celéd crystalline property was
prerequisite for extraction d§-glucan fraction amounting approximately 20% which

was firmly interacted with cellulose. Availabilityf this technique to extragtglucan
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from oat meal and barley flour in high rates coalsb be shown, 82.8% for the former
and 92.5% for the lattelhe present NaOH-urea solvent system with repatibibthe
freeze-thaw treatments may be a new versatile @dratechnique for extraction of

B-glucan from cereal materials.
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Chapter 6

I solation and properties of corn pericarp g-(1,3;1,4)-glucan

6.1. Introduction

For development of a new innovating utilizationcofn starch residues a technique
for refinary of -glucan from CP is desirable. In the previous cbepB and 5, the
author demonstrated the effectiveness of a NaOH-sob/ent system for extraction of
hemicellulosic polysaccharides including arabinaxyl and p-glucan from CP.
Especially the latter polysaccharide could be atngosntitatively (97.8%) solubilized
in 2% NaOH-6 M urea solution by three repetitiongreeze-thaw treatment. Then the
final step is isolation off-glucan by separation of large amount of coexisting
arabinoxylan. Previously, rather tedious steps wesegally required for isolation of
B-glucan from monocotyledonous crops (Ahnedl., 2010; 2009; Beeet al., 1996;
Bhatty, 1993; Burkus and Temelli, 1998; Woetdal., 1989; Izydorczyk et al., 1998;
Morgan and Ofman, 1998). Therefore, in this chafiterauthor intended to develop a
convenient purification method specific for CB-glucan by using affinity
chromatography on a cellulose column and presesinatal properties of the isolated

B-glucan.

6.2. Materialsand Methods
6.2.1. Materials

CP was prepared from kernels of sweet corn as idescin section 3.2.2. and
treated with hot water (121°C) for 1h. A mixture 6P hemicelluloses (CPHS)

consisting of 40.5% of xylose, 29.2% of arabino2e,2% of glucose and 4.1% of

75



galactose was prepared by extraction of CP with N&@H-6 M urea ina yield of
74.8% as described in section 5.3&5lucan from barley (>95%) was purchased from
Sigma (St Louis, Missouri, USA). Amounts @fglucan and starch were determined as
described in section 3.2.3 and 2.2.2, respectiwdlgatman CF-11 cellulose powder
(Whatmart¥, a part of GE Healthcare Life Science, Ltd., Bagkiamshire, UK) was
used for affinity chromatography after pre-washmith 5% NaOH and neutralization

with acetic acid.

6.2.2. Isolation off-(1,3;1,4)-glucan

Anion exchange chromatography was firstly applied partial purification of
B-glucan based on its neutral property in contrasadidic property of arabinoxylan.
Hot water-soluble fraction of CP hemicelluloses anted at 94.2 £.5% f = 4) was
obtained by extraction of CP with 100 fold excesmant of water for 2-3 h at 80
and applied to a column (15 x 150 mm) of TOYOPEABEAE-650M (Tosoh Co.,
Tokyo, Japan) equilibrated with 5 mM sodium phosehauffer (pH 6.8) and eluted
with the same solution to recover neutgaglucan. Acidic arabinoxylan was further
recovered by elution with the same buffer contajnih2 M NaCl. Elution was
monitored by the phenol-sulfuric method. Both palysharide fractions were separately
pooled, dialyzed against water and freezed-dridte f-glucan-rich fraction (8.7 +
2.4% on the basis of CPHs,= 3, Table 6-1) was dissolved in 5 mM sodium aeetat
buffer, pH 5.0, and applied on a cellulose colui® ¥ 150 mm). After allowing for 30
min at room temperature, the column was washed thighsame buffer to remove
unadsorbed material, eluted with distilled waterd dinally adsorbed3-glucan was

recovered by elution with 2% NaOH (yield 3.3 + 1.3%84 the basis of the raw
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hemicellulose mixturen = 3, Table 6-1). All carbohydrate containing fracs were

pooled, neutralized, dialyzed against water anelzeedried.

6.2.3.Chemical analysis

Chemical analysis of the separated fractions inotyf-glucan was carried out as
described in chapters 2-5. Liquid stdf€-NMR spectrum of the isolated BG was
recorded in PO on a Bruker DPX-400 instrument (Billerica, BrukevlA, USA)
operating at 400 MHz for 2-3 h and the chemicaftshn ppm were normalized as
downfield values from that of TSP (sodium 2,2,&8ddueterio-3-(trimethylsilyl)
propionate as internal standard.

Permethylation of polysaccharides was carried aaoring to the Hakomori
method (Hakamori, 1964). The permethylated polyisacdes were subjected to two-
step hydrolyses with 90% formic acid for 2 h at AD@&nd 0.5 N sulfuric acid for 12 h
at 100°C. After neutralization with barium carbanate hydrolyzate was reduced with
sodium borohydride and acetylated with a mixturaadtic anhydride and pyridine (1:1,
v/v) for 1 h at 100°C. The resulting mixture of fpaiy methylated alditol acetates was
analyzed by GC/MS with a Shimadzu Parvum 2 (70wif)g a column of CBP-1 (0.25
um, 0.25 mm x 25 m) and a linear temperature gradiem 140°C to 220°C at
2°C/min.

Distribution of (1,4)-linked-glucosyl segments fglucan was determined by
lichenase treatment and HPLEGlucan samples were dissolved in sodium phosphate
buffer (20 mM, pH6.5) and incubated with lichenaf&,3;1,4)-beta-glucan-4-
glucanohgydrolase, 1000 U/mL, included in the Mggaa kit for measurement of

B-glucan content] for 2 h at 50°C. After centrifugat supernatant was purified by

77



passage through a joint column of anion (Dowex B) M) and cation (Dowex 1 x 8,
AcO) exchange resins with pure water. The distributbrsegments was analyzed by

HPLC on a column of MCI| GEL CK04SS as describeddation 2.2.2

6.3. Resultsand Discussion
6.3.1. Isolation of-(1,3;1,4)-glucan

The raw hemicellulosic mixture was shown to be cosagl of neutral and acidic
fractions by anion exchange chromatography on a BE&lumn. Elution profile is
shown in Figure 6-1a. Neutral fraction was furtlseparated into three fractions by
affinity chromatography on a cellulose column. Entprofile is shown in Figure 6-1b.
Yields of the separated fractions are listed inl@@31. The relative monosaccharide
composition of the raw hemicellulose mixture ané fractions separated by anion
exchange and affinity chromatographic techniquesevisted in Table 6-2. The results
indicate that the neutral fraction containgdlucan (28.4%) with contamination of a
small amount of xylan (10.1%). On the other hahd,dcidic fraction was arabinoxylan
consisting of xylose (50.9%), arabinose (35.6%) ghatose as a minor constituent
(3.5%). These results indicate that the anion exgh@hromatography was effective for
partial purification off-glucan in CP. Previously, Gruppehal. (1992) have reported
that anion exchange chromatography is an efficieol for fractionation of
arabinoxylans present in wheat flour. Present tedutther indicate its convenience for
removal of acidic arabinoxylan abundantly presarthe raw hemicellulose mixture.

In the present study, affinity chromatography olutese column was found to be
applicable for selective purification @fglucan. After affinity chromatography glucose

contents of the fractions eluted with SAB, distllater and 2% NaOH were 29.5, 50.6
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and 91.5%, respectively (Table 6-P-Glucan was recovered from the column by
elution with 2% NaOH at 84.7% purity (Table 6-1)a®gh contents in SAB, water and
2% NaOH fractions were as low as 4.3, 5.7 and 3rg8%fectively.

When water-soluble portion of the raw hemicellulosi&ture was directly applied
to the cellulose column, a higher amount of xyl¢28.2%) was contaminated in the
adsorbed fraction. This result indicates the imgruee of the order of combination of
two chromatographic techniques; the necessity oferaing anion-exchange

chromatography prior to cellulose affinity chromguaphy.

Table 6-1. Yields of the separated fractions anglasiwcomposition of corn pericarp

hemicelluloses.

Relative monosaccharide composition (%, w/w)B-Glucan Starch

. a
Sample Yield” (%) Galk Gt Xyl  Man content (%) content (%)
CPHs - 29.2 4.1 26.2 405 ¢° 6.6 1.4
Anion exchange chromatography
Neutral fraction 8.7+24 1.0 2.0 80.3 10.1 6.7 28.4 5.0
Acidic fraction 428+48 35.6 8.2 35 50.9 1.9 0.6 0.6
Affinity chromatography on cellulose colurm

SAB fraction 8.6+4.1 23.4 7.6 29.5 35.8 3.7 1.3 4.3
Water fraction 1.0+0.7 14.3 7.1 50.6 234 4.6 14 57
2 % NaOH fraction 3.3+1.3 1.3 0.9 91.5 6.3 - 84.7 35

® Values are expressed as a percentage on the biasie mative corn pericarp
hemicelluloses. Values are expressed as mean A S3Y
PValues represent the average of duplicate data.

“tr represents trace.
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Figure 6-1. Anion exchange chromatographic (a) affthity chromatographic (b)
profiles. (a) The neutral and acidic fractions shoas separate bars at the top of the
figure were pooled. (b) Neutral fraction was apgplien cellulose column. Three
fractions eluted with SAB, distilled water and 2% ®H were recovered. Fractions of
5-15 and 25-36 separated by anion exchange chrgragioy were obtained as neutral
and acidic fraction, respectively. Fractions of Y4-19-21 and 35-44 separated by
affinity chromatography on cellulose column wereaaited as SAB, water and NaOH
fraction, respectively. Elution for anion exchangeromatography was changed at
fraction number 21 from 5 mM sodium phosphate buffgd 6.8) to the same buffer
containing 1.2 M NaCl. Eluted solution for cellubosolumn was changed by fraction of

17 from SAB to water, and by fraction of 33 to 2%QH.

80



6.3.2. Properties ¢f-(1,3;1,4)-glucan from corn pericarp

Figure 6-2 shows thé’C-NMR spectra of the materials separated into NaOH
fraction. Each signal was assigned according toptegious report (Roubroelet al.,
2000; Cuiet al., 2000) and the results are listed in Table 6-2e Bpectrum was
identical to that of pure-glucan reported by Wood (1991); characteristiense
signals at 81.3 and 86.6 ppm, assignable to theakigf C-3 of 1,4-linked- and
1,3-linkedb-glucopyranose residues pfglucan, respectively. Although weak signals
not assigned were also detected at 71.38 and 72046ther intense signals other than
B-glucan could be detected. Detection of similar kvegynals in bareleyB-glucan
fractionated with (NH)SO, was reported by Izydorczyk and MacGregor (200Dese
results also indicate that highly purifigéiglucan could be isolated following the

procedure described above.

110 100 90 80 70 60

Chemical shift 4, ppm)
Figure 6-2.%C-NMR spectrum of the material isolated in NaOHcfien by using

cellulose column.
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Table 6-2. Assignment dfC-chemical shifts (ppm) df-glucan in RO.

Chemical shift (ppm)

Linkage type

c1 c2 c3 c4 C5 C6
—4)-Glep (13) 105.41  76.08 81.29 76.92 77.68 62.81
—3)-Glep (14) 105.22  75.84 86.60 70.81 78.45 63.41
—4)-Glep (1—4) 105.22  76.08 81.29 76.92 77.68 62.81

The glucosidic linkage analysis of the purifidglucan was investigated by
methylation analysis. The results shown in TabRifdicate that the CPB-glucan was
consisted of 2,3,6-Me-Gi¢ 2,4,6-Me-Glp and 2,3,4,6-Me-Gfz in a molar ratio of
58.1 (1,4-linked Glp), 22.3 (1,3-linked Glg) and 0.5% (terminal Gh), respectively.
The (1,4) to (1,3) glucosidic linkage ratio wascecddited as 2.60, which was slightly
higher than that from barley (2.37) but includedti® ranges previously reported;
2.3-2.8 for oat, 1.9-2.8 for barley and 2.3 for (y@zaridou and Biliaderis, 2007). In
addition, high affinity of the CB-glucan to cellulose suggests the existence ohgtro
interaction between these polysaccharides in CP.

The distribution of (1,4)-linked glucose segmemt<P 3-glucan was examined by
fragmentation analyses with lichenase which split88){3-D-glycosidic linkages in
B-glucan (Table 6-4). After lichenase treatmentgainers below cello-octamer were
detected in CB-glucan. The value of cellotriosyl/cellotetraosydtdbution ratio of CP
B-glucan was 2.5, which was slightly higher thart fram barley (2.2). Previously, the
ratios of cellotriosyl/cellotetraosyl segments he tnative cereap-glucan structures
were reported to be within the range of 1.5-2.3dai, 1.8-3.5 for barley, 1.9-3.8 for rye
and 3.0-4.5 for wheat (Lazaridou and BiliaderisQ20p-Glucan with higher ratios of

cellotriosyl/cellotetraosyl units and larger amowhtcontiguous (1,4)-linked segments

82



have been reported to show lower solubility, beeaof operation of intermolecular
interactions by strong hydrogen bondings alongctikilose-like regions (Ebringerova
et al., 2005). The present chromatographic system niighdesirable for isolation and
purification of-glucan with higher cellotriosyl/cellotetraosyl i, because affinity of

B-glucan to cellulose was the basis for its isotatio

Table 6-3. Methylation analysis of the materiallased in NaOH fraction by using

cellulose column and barlgyglucan.

Molar ratio (%)

Methylation position Linkage type NaOH fraction Barelp-giucan
2,3,6-Me-Glcp 1,4- 71.8 69.4
2,4,6-Me-Glcp 1,3- 27.6 29.3
2,3,4,6-Ma-Glcp Terminal 0.6 1.0
3,6-Mex-Glcp 1,2,4- - 0.3

Values are expressed as a relative percentage odtdl partially methylated glucose

residues.
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Table 6-4. Fragmentation analysis of the materisddated in NaOH fraction after

affinity chromatography on cellulose column andéag-glucan with lichenase.

Molar ratio (%)

Oligmer DP :

NaOH fraction Barley
Cellobiose 2 0.3 1.3
Cellotrimer 3 67.5 63.8
Cellotetramer 4 26.7 28.7
Cellopentamer 5 3.4 4.4
Cellohexamer 6 1.7 1.1
Celloheptamer 7 0.2 0.4
Cellooctamer 8 0.1 0.3
Cellotrimer + Cellotetramer 3+4 94.2 92.5
Cellotrimer/Cellotetramer 3/4 2.5 2.2

DP represents degree of polymerization.

6.4. Summary

Effectiveness of the combination of anion-excharmed cellulose affinity
chromatographic techniques for isolationfefilucan from CP was established for the
first time. By using the present system, puritythe 3-glucan was increased from 6.6%
to 84.7%. The methylation and fragmentation analyshowed that the isolated
B-glucan has the ratios of (1,4)/(1,3) linkage aetlotriosyl/cellotetraosyl segments of
2.60 and 2.5, respectively. The chemical structirthe g-glucan was also confirmed

by 2*C-NMR spectroscopic analysis.
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Conclusions

The objective of this thesis is directed to devet@w innovative methods for
effective reuse of corn pericarp (CP) as a renesvablurce of polysaccharides. For
achievement of this objective, microwave-assistadaetion (MAE) was firstly applied
to extract polysaccahrides present in CP, and d &incellulose solvent comprising
NaOH and urea was successfully applied to extrantitellulosic polysaccharides in
CP. Further the author clarified water sorption debtr and film forming ability of
arabinoxylan, which was the major hemicellulos€Bf Finally, the author developed a
new technique of affinity chromatography on celdowhose use enabled one-step
purification ofp-glucan.

For the first step, the author combined MAE withstatistical method of
combinations of response surface methodology angererental design for
solubilization of CP and succeeded to give the noptn conditions as heating
temperature 176.5°C, come-up time 2 min, heatimg tL6 min and solid to liquid ratio
1/20 (g/mL) with 70.8% carbohydrate recovery. Intlut of autodegration of
arabinoxylan to produce useful xylo-oligosacchasid@s also noted.

In the second step, the author found for the firee that the cellulose solvent
comprising 2% NaOH-6 M urea was quite useful toukiize the hemicellulosic
polysaccharides selectively from CP. Productiornigbdf transparent biofilms of the
solubilized polysaccharide mixture, presencef-@iucan in CP £3.2%) from sweet
corn and plasticizing function di-glucan were also three major discoveries of the
present thesis. Moreover, the results stronglycaiei that composite formation of
highly branched arabinoxylan afieglucan is important for investment of flexibilitg

the CP membrane.
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Next, the author analyzed the role of afrabinofosgth substituents of the
arabinoxylan during water vapor sorption behavigrtbe Haliwood and Horrobin
model and the independent dual sorption model. Bestg of the isotherms by the
latter model was found to be applicable for denvaristy that removal of arabinose
pendants from the main (1,4)-linked xylan chaindgeally reduces the Langmuir
capacity of the CP arabinoxylan.

In addition, the author could optimize the extractcondition off-glucan as three
repetitions of freeze (-20°C)-thaw treatment in R&%OH-6 M urea solution at the fixed
liquid to solid ratio of 125 mL/g. By following thiprocess 97.8% extractability of
B-glucan from CP was attained. Necessity of destmcbdf crystalline portion of
cellulose in CP for promotion of solubilization @glucan indicates presence of strong
interaction of3-glucan with cellulose in the native CP.

Finally, a simple and useful method for isolatidnBeglucan was presented by the
author by combination of anion-exchange chromafdgyyato remove acidic
arabinoxylan and affinity chromatography on celdgdo purifyp-glucan. The isolated
B-glucan had the ratios of (1,4)/(1,3) linkage aetlotriosyl/cellotetraosyl segments of
2.60 and 2.5, respectively. This rather highewogindicated presence of lager amount
of contiguous (1,4)-linked segments which is déd@ato increase in molecular
association betwedglucan and cellulose.

In conclusion, the present thesis showed importafiaracteristics of
polysaccharides in CP and provided the new appiiesitand techniques for reuse of CP
as a biomass resource, allowing more effectivezatibn of corn kernels not only for
food and feed, but also for preparation of valughidysaccharide-based innovative

materials in the future.
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