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Galactose oxidase was used as a catalyst to oxidize selectively the C-6 hydroxyls of terminal
galactose to carbonyl groups. The polysaccharides studied included spruce galactoglucomannan,
guar galactomannan, larch arabinogalactan, corn fiber arabinoxylan, and tamarind seed xyloglucan,
with terminal galactose contents varying from 6% to 40%. A multienzyme system was used, with
catalase and horseradish peroxidase to enhance the action of galactose oxidase. An analysis
technique was developed for the quantification of the reactive aldehydes with GC-MS, utilizing
NaBD, reduction and acidic methanolysis. The best oxidation degrees of terminal galactosyls were
obtained with xyloglucan (85% of galactose) and spruce galactoglucomannan (65% of galactose).
The highest oxidation degree based on total carbohydrates was achieved with guar gum (28%),
which had the highest galactose content. The oxidation resulted in changes in the physicochemical
properties of the polysaccharide solutions, and the changes observed varied between the poly-
saccharides. The clearest change was in tamarind xyloglucan, which formed a gel after the
oxidation. After the oxidation, larger particles were present in the solution of spruce galactogluco-
mannan, but changes in its rheological properties were not observed.
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INTRODUCTION

Galactose oxidase (GO, EC 1.1.3.9) is a 65—68 kDa single
copper metalloenzyme that selectively oxidizes primary alcohols to
aldehydes. GO is secreted by the fungus Fusarium spp. (1, 2). To
improve the production of enzyme, the corresponding gene has
been isolated and expressed in Aspergillus nidulans (3), Pichia
pastoris (4), and Escherichia coli (5). The catalytic reaction of GO
comprises oxidative and reductive half-reactions, using molecular
oxygen as an electron acceptor and producing hydrogen peroxide.
In the half-reactions, the enzyme alters between three different
forms: active, inactive, and fully reduced. The active site of GO
contains a tyrosine residue and a copper atom, and in the active
form of GO the tyrosine is in the radical form and the copper atom
at oxidation state +2 (/). The inactive form of GO can be oxidized
to the active radical by peroxidases (4). A high concentration of
H,0,; (produced in the oxidation) is reported to inactivate GO,
and thus, the presence of catalase, breaking down H»O,, enhances
the action of GO (6). We have recently studied the optimization of
the reaction conditions for producing aldehydes from galactose
derivatives utilizing a three-enzyme system (GO, catalase, horse-
radish peroxidase) and succeeded in minimizing the formation of
side products from the reactive aldehydes (7).

The regioselectivity of GO is high for the hydroxyl group at C-6
of galactose. Also some other alcohols with a primary hydroxyl
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group, such as glycerol, salicyl alcohol, and xylitol, are reported to
be substrates for GO (§—10). The C-6 oxidized galactose deriva-
tives are valuable starting materials for further chemical conver-
sions, and their production with GO is favorable compared to
chemical catalysis: protective groups are not needed, the reactions
are performed in aqueous solutions, and only molecular oxygen is
required as an oxidant. Oxidized galactose (galactohexodialdose)
and oxidized lactose are, for example, potential protein cross-
linkers, demonstrated by reaction with butylamine and Amadori
rearrangement of the product (/7). Some previous reports on GO-
catalyzed oxidation of galactose-containing polysaccharides exist,
including the production of aldehyde derivatives of guar gum
(4,12—14) and locust bean gum (/3) galactomannans. GO has also
been used in the oxidation of xyloglucan, but the reaction condi-
tions or yield were not described (15). Applications for the oxidized
products include use as a potential dry or wet strength additive in
the paper industry (¢) and further reactions, such as oxidation to
carboxylic acid (/4) or reductive amination (/3). More commonly,
the selective C-6 oxidative modification of polysaccharides has
been done with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
but TEMPO oxidation is less selective as it oxidizes all primary
hydroxyls in polysaccharides. Moreover, TEMPO oxidation
mainly produces carboxylic acids, and the degree of polymeriza-
tion is often reduced (16, 17).

We report here the selective oxidation of several galactose-
containing polysaccharides utilizing a three-enzyme system (GO,
catalase, and HRP). The polysaccharides studied include spruce
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galactoglucomannan (O-acetyl galactogluicomannan, GGM),
guar galactomannan (guar gum, GM), larch arabinogalactan
(AG), corn arabinoxylan (corn fiber gum, AX), and tamarind
seed xyloglucan (XG). The aims were to study the degree of
oxidation and to investigate the effects of temperature, substrate
concentration, ratio of enzyme to substrate, and structure of the
polysaccharide on the quantity and quality of the product
formed. The possible formation of side products (7) was also
followed. The GO preparation produced by transgenic Pichia
pastoris, which is feasible for industrial use, was used as a catalyst.
During the study, a specific method was developed for the
detection of the reactive aldehydes and quantification of the
degree of oxidation with GC-MS after NaBD, reduction, depo-
lymerization, and derivatization. The production of aldehyde
derivatives of spruce GGM, larch AG, and corn AX is reported
here for the first time.

MATERIALS AND METHODS

Enzymes and Substrates. Galactose oxidase was produced by Pichia
pastoris carrying the gene encoding GO from Fusarium spp. (4). The GO
preparation was a gift from Hercules (Barneweld, Netherlands), and it was
used without further purification. Analysis by SDS-PAGE showed that it
contained one major 65 kDa protein. The protein content was 2.0 mg/mL
according to the Bradford assay (Quick Start Bradford, Bio-Rad, United
Kingdom). As the activity of the GO preparation was not known, the
reported specific activity of a similar preparation (26 U/mg) was used for
the estimation of the GO amounts (/8). Methyl a-p-galactopyranoside,
guar gum galactomannan (GM, 14K0168), NaBD,, horseradish per-
oxidase (HRP, P8250, Type 11, 181 U/mg), and catalase (C30, from bovine
liver, 22 000 U/mg) were purchased from Aldrich (St. Louis, MO). Larch
arabinogalactan (AG, 20701), tamarind seed xyloglucan (XG, 00401), and
endo-1,4-f-mannanase (00803, from Aspergillus niger, 42 U/mg) were
purchased from Megazyme (Ireland). Corn fiber arabinoxylan (AX)
was a gift from Dr. Madhav Yadav (U.S. Department of Agriculture,
Wyndmoor, PA). Three different spruce galactoglucomannan (GGM) pre-
parations were used in the experiments: (1) GGM isolated from the process
waters of a Finnish mill producing TMP (thermomechanical pulp) (19); (2)
GGM obtained by (1), dissolved in water (ca. 1.3% w/v), heated to 80 °C,
and filtered through a glass microfiber filter (Whatman, cat. no. 1820 125),
resulting in ca. 1% w/v solution, that was used directly in the oxidation; (3)
GGM prepared with a large laboratory-scale method from spruce
TMP (20). Enzymatically hydrolyzed GM of ca. 50 kDa molecular weight
was prepared by incubating 0.6 mU of endo-1,4-f-mannanase/l1 mg
of GM (1% w/v solution in 0.1 M sodium acetate buffer, pH 5) for 4 h
at 40 °C.

Oxidation of Polysaccharides. Polysaccharide (GGM, GM, AG,
AX, or XG; in most experiments, 10 mg/mL) was stirred in Milli-Q water
at4 °C or RT for 1—12 h to ensure dissolution. Heating was not used for
the dissolution, as it would have decreased the O, concentration of the
solution. Enzymes were added (GO, catalase, HRP), and the mixture
stirred for 48 h. The enzyme dosages were based on the previously
optimized amounts and enzyme ratios using methyl o-p-galactopyrano-
side as a substrate (7). The amount of GO was related to the approximate
amount of terminal galactose present in the polymer (0.052 U of GO/1 mg
of galactose). The dosage of catalase wasca. 115 U/mgand HRPca. 1.5 U/
mg. Forexample, 1.3 U of GO, 2875 U of catalase, and 38 U of HRP were
used in the oxidation of 250 mg of GGM containing ca. 25 mg of galactose
(10% of total sugars, ca. 0.15 mmol). Reactions were followed by taking
samples after 1,2, 3,4, 5,24, and 48 h. The samples (500 uL) were placed in
eppendorf tubes and incubated in a boiling water bath for 3 min to
inactivate the enzymes.

Preparation of d;-Methyl a-p-Galactopyranoside. Methyl o-p-
galactopyranoside (0.5 mmol, 100 mg) was dissolved in water (7.5 mL).
Enzymes were added (GO, 5.2 U; catalase, 11200 U; and HRP, 45 U), and
the mixture was stirred at RT for 24 h. The disappearance of starting
material was ensured with thin layer chromatography (TLC) carried out
on silica gel 60 plates (Merck) using a mixture of MeOH/CH,Cl,/AcOH/
H,0 (10:20:1:1) as eluent and a sample from the reaction directly applied
to the TLC plate. The product was detected by dipping the plate in EtOH/
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H,S0, and heating the plate at 100 °C for 10 min. After the oxidation,
NaBDy (1.5 mmol, 62 mg) was added and the mixture was stirred
overnight. The formation of the product was followed with the same
TLC procedure. The solution was concentrated with a rotary evaporator
to a volume of ca. 2 mL and run through a PD-10 desalting column
(Amersham Biosciences) to remove salts using Milli-Q water as an eluent.
After evaporation, the product was obtained in a 90% yield (91 mg). A
sample (0.5 mg) was silylated with TMSCI/BSTFA /pyridine (1:100:100) at
60 °C for 30 min. Analysis with GC-MS showed that the product was pure
with high isotopic purity.

Analysis of the Degree of Oxidation. The GC-MS method for
following the oxidation was developed with a HP 6890-5973 GC-MSD
instrument equipped with a HP-1 column. The method was calibrated
using methyl a-p-galactopyranoside and d,-methyl o-p-galactopyrano-
side, mixed in various ratios, as model compounds. After dissolution in
pyridine (80 uL), the samples were silylated with hexamethyldisilane
(HMDS) (150 L) and trimethylsilyl chloride (TMSCI) (70 #L) and were
kept at RT overnight. GC-MS analysis of the tetramethylsilane (TMS)
derivatives was used to determine the different ratios of deuterated
compounds in the samples. The ratios were verified from comparison of
the abundance of the peaks at m/z 361 and m/z 362. The column
temperature program was as follows: 80 °C (0.5 min)—8 °C/min—300 °C.

To the samples taken from the reaction mixture, NaBD4 was added
(3 mol equiv related to the maximum molar amount of galactose in the
sample) and the solution stirred overnight. Alternatively, HO (1—2 mL) was
added to the most viscous solutions (GM, XG), and the NaBD, reduction
performed in a 10 mL flask. EtOH was added to obtain a ca. 1:3 H,O/EtOH
solution, which precipitated the polymers. The samples were centrifuged for
5 min at 13400 rpm. The supernatant was discarded, and the polymer placed
in a pear-shaped flask and dried. Acidic methanolysis was performed (27):
HCI/MeOH (2 M, 1 mL) was added, the flask sealed, and the solution kept at
100 °C for 3 h. The samples were allowed to cool, neutralized with pyridine
(50 mL), and diluted with MeOH (4 mL). For the GC-MS analysis, 800 uL of
the obtained solution was placed in a Kimax tube, evaporated, silylated with
200 uL of TMSCI/BSTFA /pyridine (1:100:100) at 60 °C for 30 min,
evaporated, heptane (1 mL) was added, and the sample filtered. GC-MS
analysis of the samples was performed with a HP 6890 gas chromatograph
connected to an Agilent 5973 Network Mass Selective Detector mass
spectrometer equipped with a HP-5 column. The column temperature
program was as follows: 150 °C—2 °C/min—220 °C (5 min).

Monitoring O, Consumption. The amount of dissolved oxygen in the
reaction mixture was determined using a Mettler-Toledo MO128 oxygen
meter in mg/L mode. Prior to the measurements, the meter was calibrated
to 100% in a flask containing MQ water. The oxidations were performed
in the absence of catalase. For example, 0.26 U of GO and 9 U of HRP/mg
of galactose were added to a solution of ca. 0.6 mM galactose concentra-
tion. The measurement was conducted with magnetic stirring in a contain-
er which was full of the solution and sealed with Parafilm M (Pechiney
Plastic Packaging, IL).

Analysis of the Physicochemical Properties. Dynamic light scatter-
ing experiments were conducted with a Brookhaven Instruments
(Holtsville, NY) BI-200SM goniometer, a BI-TurboCorr digital auto/
cross correlator, and a BI-CrossCorr detector, including two BI-DSI
detectors. The light source was a Sapphire 488-100 CDRH laser from
Coherent GmbH, operating at the wavelength of 488 nm (vertically
polarized), the power was adjusted to 50 mW, and the scattering angle
was 140°. The temperature of the samples was controlled by means of a
Lauda RC 6C water bath. The concentration of the samples was 10 mg/mL
(1% w/v). The aqueous solutions were passed through 0.45 um syringe
filters (GHP Acrodisc 13, Pall Corp., Ann Arbor, MI) prior to measure-
ments to remove dust particles. Pseudo cross-correlation functions of the
scattered light intensity G2(¢) were collected.

The intrinsic viscosities were determined using an Ubbelohde capillary
in a water bath at 25 °C. The sample volume was 2.5 mL, and each
compound was evaluated using sample concentrations of 0.2%, 0.4%,
0.6%, 0.8%, and 1% (w/v). The samples of the 0.2—0.8% concentrations
were diluted from the 1% reaction concentration. All the samples were
filtered with GHP 0.45 um syringe filters. The measurements were repeated
five times, and the averages of the time in which each sample passed the
capillary were calculated. The extrapolation to zero of 775,/ and In(z,)/c as
a function of concentration gave the intrinsic viscosity.
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Table 1. Approximate Carbohydrate Composition (20, 23, 26—28, 30—32)
and Molecular Weight of Spruce Galactoglucomannan (GGM), Guar Galacto-
mannan (GM), Larch Arabinogalactan (AG), Corn Arabinoxylan (AX), and
Tamarind Xyloglucan (XG)?

GalT Gal Man Glc Xyl Ara  GlcA M, (kDa)
GGM 10 70 20 20
GM 40 60 2600
AG 24 60 15 1 40
AX 6 1 55 33 4 120
XG 16 48 36 470

@The ratios of the sugar units are presented as percentages of terminal galactose
(Gal T), nonterminal galactose (Gal), mannose (Man), glucose (Glc), xylose (Xyl),
arabinose (Ara), and glucuronic acid (GIcA).

Dynamic viscosity and oscillation measurements were performed for
samples of 1% w/v concentration with a TA Instruments (New Castle,
DE) AR 2000 controlled stress rheometer at 20 °C. The measuring
geometry was a concentric cylinder with a conical end (DIN) rotor
(radius, 14 mm; stator radius, 15 mm; immersed height, 42 mm; and
gap, 5920 um). The measurements were conducted in the linear area.
Viscosity was measured against shear rates of 1—68 s~'. The moduli G’
and G"" were determined by oscillation measurements in the range of
0.1-60 Hz.

High performance size exclusion chromatography (HPSEC) analysis of
the samples was carried out using water containing 0.1 M NaNO; as an
eluent. Prior to HPSEC analysis, samples (1 mg/mL) were filtered with
GHP 0.45 um syringe filters. The HPSEC equipment consisted of an
integrated autosampler and pump module (GPCmax, Viscotek Corp.,
Houston, TX), a combined light scattering and viscometric detector (270
Dual Detector, Viscotek Corp.), and a refractive index (RI) detector (VE
3580, Viscotek Corp.). Two linear type Shodex columns were used
(OHpak SB-806 M HQ, 8 x 300 mm, exclusion limit 2 x 107, Showa
Denko, Ogimachi, Japan) with a guard column (OHpak SB-6, 4.6 x 10
mm). The light scattering detector (4o = 670 nm) included two scattering
angles: 7° (low angle light scattering, LALS) and 90° (right angle light
scattering, RALS). The flow rate was 1 mL/min, and injection volume
100 uL. All the M,, values were calculated using a dn/dc value of
0.15 mL/g (22), which varies only slightly between different polysacchar-
ides in aqueous solution. The combined light scattering and viscometric
detector and RI detector were calibrated with the pullulan narrow
standard (M, = 212000 g/mol, Polymer Laboratories, Shropshire, U.K.).
Intrinsic viscosities ([7]) were calculated from the viscosity signals obtained
from the viscometric detector. The weight average molar mass (M),
intrinsic viscosity ([#]), and hydrodynamic radius (Ry) were calculated
using OmniSEC 4.5 software (Viscotek Corp.).

RESULTS

Structures of the Polysaccharides Studied. The polysaccharides
studied had different galactose contents, and their structures
varied from relatively simple to highly branched (Table 1 and
Figure 1). Mannans, spruce O-acetyl galactoglucomannan
(GGM) and guar galactomannan (GM) contain 10% and ca.
40% terminal a-p-galactosyl residues, respectively, directly at-
tached to C-6 of the mannosyl units of the backbone (20,23 —25).
Larch arabinogalactan (AG) contains 28% terminal S-p-galac-
tosyls bound to the backbone via [—6)-5-D-Galp-(1—] (26). Corn
arabinoxylan (AX) is a highly branched galactoglucuronoarabi-
noxylan with side chains consisting of xylopyranosyls and arabi-
nofuranosyls and ending in galactosyls (ca. 6% of the sugar
units) (27—29). The galactoxyloglucan from tamarind seed (XG)
has terminal $-p-galactosyl residues (16% of the sugar units) at
xylose side chains [—2)-a-D-Xylp-(1—] attached to C-6 of glu-
cose (30). The molecular weights of the polysaccharides were
determined by HPSEC (Table 1).

Analysis Method for the Degree of Oxidation. According to the
preliminary experiments, it was clear that the commonly used
analysis techniques prior to GC-MS analysis, such as acidic
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methanolysis for depolymerization (27), were not suitable for
the oxidized polysaccharides, as the carbonyl groups were very
reactive and were lost during the sample preparation. Another
analysis method investigated was NMR, but accurate NMR
analysis required samples of high concentrations which could
not be prepared due to solubility problems of the products in
suitable NMR solvents, such as dimethyl sulfoxide (DMSO).
D,O would have been the best solvent, but the otherwise
conveniently observed proton or carbon chemical shifts of
carbonyls were not present due to the hydrate formation of
aldehydes in water (7). The chemical shifts of hydrates exist in
the same area with those of anomeric protons and carbons, which
complicated the analysis.

Thus, a new analysis method was developed for the detection
and quantification of the aldehydes. The carbonyls formed were
reduced back to the C-6 hydroxyls with NaBD, immediately after
the oxidation. Thus, the oxidized galactosyls were labeled with
one deuterium atom. As the reactive aldehyde was no longer
present, acidic methanolysis could now be used for depolymer-
ization, followed by silylation and GC-MS analysis.

During the development of the GC-MS method, and to ensure
that the analysis technique was reliable, mixtures of silylated
methyl a-p-galactopyranoside and d,-methyl o-p-galactopyrano-
side were analyzed by GC-MS. The ratio of the peaks at m1/z 361
and m/z 362 (Figure 2A and B) gave the correct ratio of the
amounts of nondeuterated and deuterated methyl o-p-galacto-
pyranoside in the mixture, showing that the method was reliable.
This fragment was chosen, since it is the most abundant isolated
fragment of the TMS derivative of methyl-aldohexoses still
containing C-6 (33).

The following equation was used in the calculation of the
percentage of the deuterated galactopyranoside present in the
mixtures, that is, the oxidation degree of the products. In the
equation, 4 = abundance of m/z 361, the amount of unoxidized
galactose units, and B = abundance of m/z 362, the amount of
oxidized galactosyls. First, the abundance of the M + 1 peak of m/
z 361 (0.33 x abundance of 361, see Figure 2A) was subtracted
from m/z 362. The proportion of the remaining abundance of m/z
362 to the sum of abundances was the degree of oxidation. An
example of the fragment in the mass spectrum of an oxidized
polysaccharide is shown in Figure 2C.

(B - ?) x 100%

A
A+B 3

Oxygen Consumption. Testing the suitability of the five sub-
strates for GO by its oxygen consumption in the absence of
catalase showed that the best substrate was GM (Figure 3). The
reaction rate was very slow in the case of AX and AG, where the
oxygen concentrations remained almost static during the mea-
surement, indicating that they were not good substrates for GO.
The use of an excess amount of the enzymes was investigated with
AX(1.04 U of GO and 36 U of HRP/mg of galactose) but did not
accelerate the O, consumption significantly.

Oxidation of the Polysaccharides. The oxidation conditions
optimized earlier with methyl a-p-galactopyranoside and raffi-
nose (7) were now applied to the oxidation of the polysaccharides
(Scheme 1), and spruce GGM was used in the preliminary
experiments to confirm the reaction conditions and enzyme
dosages suitable for the polymers. The dosage of GO was based
on the approximate molar amount of galactose present in the
polysaccharide and equaled the amount that was successfully
used in the optimization of the oxidation with the mono- and

oxidation degree =
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Figure 1. Structures of spruce galactoglucomannan (GGM), guar galactomannan (GM), larch arabinogalactan (AG), corn arabinoxylan (AX), and tamarind

xyloglucan (XG) (20, 23, 24, 26—31).

trisaccharide (0.052 U/mg ~ 9.5 U/mmol). The dosages of
catalase and HRP were ca. 115 and 1.5 U/mg, respectively. The
presence of all the three enzymes was required for a successful
reaction. The use of higher amounts of enzymes, such as 0.2 U/mg
of GO, did not enhance the yield of the aldehydes. The possible
presence of side products was investigated by comparing the GC
chromatograms of the methanolyzed and silylated starting ma-
terials and products, which should be similar to each other after
the NaBD, reduction of the oxidation product, and differences of
only 0—5% in the areas of the peaks were observed. Galacturonic
acid is a possible side product (7) and stable under acid metha-
nolysis, thus being facile to detect by GC, but was not found.

The degree of oxidation of terminal galactose of the products
(GGMox, GMox, AGox, AXox, XGox) varied from ca. 10% to
ca. 85% after 48 h of reaction time (Figure 4A). The highest
oxidation degrees were obtained with XG (ca. 85%) and GGM
(ca. 65%). The oxidation degree of the polysaccharides, based on
the content of oxidized galactosyls as a percentage of total
carbohydrates, was best in the case of GMox that had the highest
galactose content (16% for 1% w/v substrate concentration,
Figure 4B). Calculated this way, the oxidation degree of AXox
was very low, only 1.5%, due to the low galactose content of AX
(6% of the sugar units).

The oxidation of GGM preparations was the focus of interest.
The degree of oxidation of the preparations was significantly
altered by the purification orisolation technique. The sample with
the highest purity, obtained by a laboratory-scale method (20)
involving purification by dialysis (GGM C, Figure 5), had the
highest oxidation degree. The samples with a lower purity, that
had been precipitated from TMP mill process water without
further purification (19), or precipitated and then filtered, were
converted to the aldehydes with a significantly lower degree of
oxidation.

The Effect of Reaction Conditions on the Oxidation. The
maximum substrate concentration used in the experiments was
quite low (1% w/v), as the optimization reactions had shown
dilute substrate concentrations were more reactive (7), and more
concentrated solutions of GM and XG were found too viscous for
the efficient stirring of the reaction mixture. The substrate
concentration had a clear effect on product formation in the case
of GM. The oxidation degree of GMox was higher, especially
during the first 5 h, when the concentration was reduced from 1%
to 0.25% w/v (Figure 6). A 0.1% w/v substrate concentration
further increased the oxidation degree of GMox to ca. 70% of
terminal galactose (28% of total sugar units; data not shown).
The dilution of the other polysaccharide solutions did not affect
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Figure 3. Consumption of O, in the galactose oxidase-catalyzed reaction
in polysaccharide solutions of approximately 0.6 mM galactose concentra-
tion at RT. GGM = spruce galactoglucomannan, GM = guar galactoman-
nan, AG = larch arabinogalactan, AX = corn arabinoxylan, XG = tamarind
xyloglucan. Enzyme dosage: 0.26 U of galactose oxidase and 9 U of
horseradish peroxidase/mg of galactose.

the oxidation degrees significantly. In the more dilute solutions of
GMox and XGox (0.1-0.25% w/v), visible aggregates formed

Scheme 1. GO-Catalyzed Oxidation of the Galactose Units of Polysac-
charides®

OH GO 0
catalase -
oH HRP
———
OR OR
o OH

@G0 = galactose oxidase, HRP = horseradish peroxidase, R = sugar unit in the
polysaccharide.

soon after the reaction was finished, whereas 1% w/v solutions
formed homogeneous gels.

When the effect of the reaction temperature on the reaction
rate was studied at 4 °C and at RT, the oxidation degree of GGM,
GM, and AX was ca. 5—10% lower during the first 3—5hat4 °C
than at RT, and even 30% lower in the reaction of XG, but
reached the same level as the reactions performed at RT after 48 h
(data not shown). An exception was the reaction of AG, which
proceeded at the same rate at both temperatures.

Physicochemical Properties of the Products. The products
GMox and XGox were visibly very different from the starting
materials, resembling firm, viscous gels (Figure 7). The products
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Figure 4. Oxidation degree of polysaccharides during 48 h oxidation at RT
(A) based on the amount of oxidized terminal galactose compared to the
amount of unoxidized terminal galactose and (B) based on the proportion
of oxidized galactosyls to the total amount of carbohydrates in the
polysaccharides. GGM = spruce galactoglucomannan, GM = guar galac-
tomannan, AG = larch arabinogalactan, AX = corn arabinoxylan, XG =
tamarind xyloglucan. Substrate concentration = 1% w/v. Reactions per-
formed at RT. Enzyme dosage: ca. 0.052 U of galactose oxidase, 115 U of
catalase, and 1.5 U of horseradish peroxidase/mg of galactose.
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Figure 5. Oxidation of three preparations of spruce galactoglucomannan
during 48 h oxidation at RT. GGM A, precipitated with EtOH from TMP (19);
GGM B, GGM A filtered through a glass microfiber filter; GGM C, obtained
by laboratory-scale isolation and purification method (20). Substrate
concentration = 1% w/v. Reactions performed at RT. Enzyme dosage:
ca. 0.052 U of galactose oxidase, 115 U of catalase, and 1.5 U of
horseradish peroxidase/mg of galactose. Oxidation degrees based on
the amount of oxidized galactose compared to the amount of unoxidized
galactose.

GGMox, AGox, and AXox did not differ visibly from the
starting materials, seeming to have low viscosity. The physico-
chemical properties of these two product types were investigated
in separate ways. The gel consistence of GMox and XGox
precluded analysis by dynamic light scattering (DLS), HPSEC,
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Figure 6. Comparison of the oxidation degrees of 1% and 0.25% w/v
solutions of guar galactomannan (GM) during 48 h oxidation at RT.
Enzyme dosage: ca. 0.052 U of galactose oxidase, 115 U of catalase, and
1.5 U of horseradish peroxidase/mg of galactose. Oxidation degrees based
on the amount of oxidized galactose compared to the amount of unoxidized
galactose.

Figure 7. Starting materials and products (1% w/v solutions in H,0). GM =
guar galactomannan; GMox = oxidized GM, 40% oxidation degree; XG =
tamarind seed xyloglucan; XGox = oxidized XG, 85% oxidation degree.
Oxidation degrees based on the amount of oxidized terminal galactose
compared to the amount of unoxidized terminal galactose.

and Ubbelohde capillary rheology; thus, these methods were used
on GGM, AG, and AX. Viscosity of GM and XG was analyzed
instead by controlled stress rheometry.

DLS experiments showed that the particle size distributions of
GGMox and AGox differed from those of the starting materials
(Figure 8A and B). Oxidation caused aggregation or interaction
between polymer chains, such as hemiacetal bond formation
between carbonyls and hydroxyl groups, especially in the
case of the GGM samples (shift in the position of the first peak,
ca. 10 nm). The second peak in the particle size distribution at the
position of 100 nm could be due to aggregated particles, although
the amount of these aggregates was probably very small. The
samples were filtered through 0.45 um filters prior to DLS
measurements, and thus, the large particles, for example, having
a diameter of 1 um, were reformed in the solutions after the
filtration. No significant change in the particle size distribution
was found in the case of AX and AXox, attributable to the low
oxidation degree of AXox (Figure 8C).

The HPSEC analysis confirmed the aggregation of oxidized
GGM, seen as increased molar mass and as a shoulder in the light
scattering signal (HPSEC chromatogram not shown). No evi-
dence of aggregation, however, could be observed in the HPSEC
analysis of AGox, even if the DLS measurement suggested the
presence of aggregates. Due to aggregation of GGMox, its
apparent M., was higher than that of unoxidized GGM (35 and
20 kDa, respectively). Oxidation did not change the apparent M.,
values of AG and AX from the respective original values of
42 and 120 kDa, respectively. The hydrodynamic radii (Ry,)
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Figure 10. G’ and G” of the nonmodified (A) and oxidized (B) polysaccharides (1% w/v solutions in H,0) as a function of frequency at 20 °C. GM = guar
galactomannan; GMox = oxidized GM, 40% oxidation degree; XG = tamarind seed xyloglucan; XGox = oxidized xyloglucan, 85% oxidation degree. Oxidation
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were in agreement with the results of the DLS measurements. The
Ry, value for GGMox was slightly higher than that for GGM
(6.5 and 5.5 nm, respectively). Oxidation had no effect on the Ry,
values of AG and AX (Ry, for AG and AGox 3 nm, and for AX and
AXox 10 nm). According to both DLS and SEC experiments, no
depolymerization had occurred in the GO-catalyzed oxidation.
Also, to exclude the effect of the cross-links formed, the M, of
oxidized and then reduced GGM was analyzed by SEC and found
to be similar to that of the starting material (20 kDa), which
confirmed the oxidation did not induce degradation.

Oxidation had no significant effect on the rheological proper-
ties of GGM, AG, and AX as determined using an Ubbelohde
capillary at 25 °C (series of 0.2—1% w/v solutions). The intrinsic
viscosities were ca. 70, 8, and 100 mL/g for GGM and GGMox,
AG and AGox, and AX and AXox, respectively. The intrinsic
viscosities observed by HPSEC differed slightly from the values
obtained with Ubbelohde equipment being ca. 60, 4, and 80 mL/g,
respectively. Thus, the increase of the molecular weight in the
oxidation of GGM did not affect viscosity.

The dynamic viscosities of the oxidized products of GM and
XG (1% w/v solutions) were higher than those of the starting
materials at all shear rates. Both GM and GMox thinned against
shear at a similar rate (Figure 9A). The shear thinning of XGox
was also strong, indicating the presence of large unstable en-
tanglements in addition to other interactions, and differed from
the behavior of XG, which did not thin (Figure 9B). The
oscillation measurements suggested that the oxidized polysac-
charides were gels, having higher G’ than G”’, no crossover points
of the curves, and quite low variation related to the changing
frequency (Figure 10). The rheological properties of XG changed
especially strongly due to the oxidation.

GM and XG had the highest molecular weight and viscosity of
the polysaccharides studied, and the oxidation clearly changed
their rheology. The effects of the molecular weight and the
viscosity on the oxidation degree and rheology of the products
were investigated using enzymatically hydrolyzed GM with a
molecular weight of ca. 50 kDa (GM5). The M., of GMj5, was
about one-fiftieth of that of the original GM and close to that of
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GGM. The oxidation degree obtained in the oxidation of GM5
(1% w/v) was high, 78%, and the intrinsic viscosity of the solution
was low, ca. 0.6 dL/g, according to HPSEC. The results were
similar to the oxidation degree and rheological properties of
GGMox and indicated that the viscosity and the M, of the
starting material had an effect on the product formation and
properties.

DISCUSSION

The polysaccharides studied have important applications,
either currently or potentially. Unmodified guar GM is widely
used as a thickening or gelling agent, making food products
appealing to the consumer and maintaining turbidity in soft
drinks and juices, as well as for various other purposes (23). Guar
GM has also been used as an additive in papermaking (34).
Spruce GGM has been studied as a film-forming agent for the
development of new, biopolymer-based packaging materials (35).
Also, the addition of GGM has been found to enhance the
emulsion formation and increase the emulsion stability in a model
beverage system (36). Corn AX has been found to be an excellent
emulsifying agent that might be used in beverages instead of gum
arabic, especially in applications where low viscosity is benefi-
cial (28,37). Tamarind XG is commonly used as a food additive in
Japan (32). Larch AG has been studied as a potential dietary fiber
because of its bioactive properties (38).

A few applications have been reported for one of the oxidized
polysaccharides as well. In papermaking, the dry tensile strength
of paper increased significantly following the addition of
GMox (4). Another application for GMox was a potential
polyelectrolyte obtained by the further chemical oxidation of
GMox to a carboxylic acid derivative (14).

This kind of screening of the GO-catalyzed oxidation of
polysaccharides of a wide structural variety has not been pre-
viously reported. Also, the production of aldehyde derivatives of
spruce GGM, larch AG, and corn AX is described here for the
first time. The previously reported GO-catalyzed reactions in-
clude the oxidation of GM (4, 12—14). The reactions were
performed in either buffer (/3) or water (/4). The dosage
of enzymes varied a little (when mentioned), from ca. 4.5 (14)
to 5.5 U/mg (13), and exceeded the amount we have found
optimal. Previously, use of HRP has been reported in one case
only (4) and was found necessary to obtain good yields of GMox
(45% oxidation degree). However, the combination of GO and
catalase without HRP was reported to give GMox with ca. 30%
conversion, and the oxidation degree was determined after the
further oxidation of the aldehyde to carboxylic acid (14).

A similar type of analysis method to that we report here has
been used for the oxidation degree of GMox, but it required two
reduction steps instead of one (4). Other analysis techniques that
have been used in the determination of the oxidation degree are,
for example, potentiometric, viscometric, or colorimetric (/4).
The technique utilizing NaBD, reduction and acidic methano-
lysis (21) was simple and reliable, as it was suitable for all the
polysaccharides studied, and the results were easily interpreted
and compared with each other.

An earlier optimization of the oxidation conditions showed
that reaction temperatures higher than RT decreased the yield,
attributed to the lower oxygen content of the warmer solutions (7),
as the solubility of oxygen in water is inversely proportional to the
temperature. Thus, in the present work, the reactions of the
polysaccharides were investigated only at RT and at 4 °C. The
oxygen content and consumption were measured at both tem-
peratures, and they were in agreement with the obtained conver-
sions. GO and HRP were used in the measurements without

J. Agric. Food Chem., Vol. 58, No. 1,2010 269

catalase, to avoid the production of O,. For example, ina 1% w/v
solution of GGM, higher O, concentrations were observed at
4°C(ca. 11.3mg/L) than at RT (ca. 8.5 mg/L) at the beginning of
the reaction. After 10 min reaction, O, concentration had
decreased only 1.4 mg/L at 4 °C, but 2.6 mg/L at RT, showing
that O, consumption was clearly slower at the colder tempera-
ture, explaining the lower conversions during the first hours of the
reactions at 4 °C. This did not confirm the results from the mono-
and oligosaccharides that were used in the previous optimiza-
tion (7), as their reactions had proceeded approximately at a same
rate at both temperatures. Nevertheless, in the present work, there
was no significant difference in the final yield after 48 h.

The structure of the polysaccharides might have an effect on
the product formation depending, for example, on the conforma-
tion of the polymer in the solution, and on steric hindrance. The
complex structure of AX and AG might explain the low oxidation
degrees of AXox and AGox; the many side chains could even
prevent GO from reaching the terminal galactosyls. However,
there are side chains in XG as well, and XG was oxidized with a
high oxidation degree. The compounds having the more simple
structures (GGM and GM) seemed to have a higher oxidation
degree than those with the more complex structures (AG, AX),
but XG does not follow this pattern. AG was the only poly-
saccharide containing also nonterminal galactose, with its back-
bone consisting of 5-p-(1—3)-Galp units. The C-6 positions of the
main chain units are mainly substituted by side chains (26), but
some free C-6 hydroxyl groups of the nonterminal galactosyls
might be available for the oxidation. The analysis method used
did not allow the classification of the origin of the oxidized
galactosyls, but based on the low degree of oxidation it seems that
fB-(1—3)-linked unsubstituted Galp units in the backbone of AG
were not good substrates for GO.

The molecular weights of the polysaccharides studied varied
from 20—60 kDa for GGM (20, 31) to the MDa range for
GM (23). Comparing the mannans studied, the enzymatically
hydrolyzed GM5, was quite similar to GGM, with the main
difference being their different galactosyl content. The 78%
oxidation degree of GM5y0x was relatively close to the oxidation
degree of GGMox (65%). As the oxidation degree of GMox
obtained in a diluted, and thus less viscose, 0.1% w/v solution was
70%, close to the oxidation degree of GM5,0x, a decrease of the
viscosity of the GM solution might be the explanation for the
increase of the oxidation degree. This, however, does not explain
the low oxidation degrees of AG and AX, which both had low
viscosity.

Significant variation in the degrees of oxidation was found in
the different GGM batches. A possible reason for the different
reactivity was the presence of minor amounts of impurities
capable of inactivating the enzymes. The impurities capable of
inhibiting GO, and left in the sample from the process water,
could be phenolic compounds, such as lignins.

The rheological properties of GMox and XGox differed
considerably from the properties of the starting materials, espe-
cially that of XG which changed dramatically due to the oxida-
tion. The XG solution (1% w/v) did not show either shear
thinning or gelling, whereas the XGox solution showed both of
these properties. Oxidized GM and XG are thus interesting
materials for further experiments and might have applications
as gels, for example. The viscosities of the low molecular weight
GGM and AG, and relatively low M, AX, were low, and the
oxidation did not change them, although clear changes were seen
by DLS. In particular, GGMox formed aggregates, which was
verified by the HPSEC analysis. Of these three polysaccharides,
GGMox had the highest oxidation degree, which explained its
clear aggregation compared to the others. The oxidation degree of



270  J. Agric. Food Chem., Vol. 58, No. 1, 2010

AX was very low and no changes were observed with any of the
analytical techniques. The physical properties of GGMox, AGox,
and AXox require further investigation. For example, their
rheological properties could be investigated in higher concentra-
tions, in which the rheological properties of unmodified GGM
have been successfully studied (/9). The reactive carbonyl groups
make all the products promising starting materials for further
chemical conversions.

To summarize, aldehyde derivatives of several structurally
different polysaccharides were produced in varying oxidation
degrees. Oxidized GGM, GM, and XG were obtained with a high
oxidation degree. The oxidation degree of AG and AX remained
low. The substrate concentration and viscosity of the solution had
an effect on the product formation in the case of GM. The reaction
rate was slower at a colder temperature, but the temperature did
not have a significant effect on the final oxidation degree. A
relationship between the structure and properties of the starting
materials and the properties of the oxidized products was found:
The oxidation of the low molecular weight polysaccharides that
formed nonviscous solutions, that is, GGM, AG, and AX, did not
change their rheology. In the case of the high molecular weight
polysaccharides, GM and XG, a significant change was observed.
The products GMox and XGox were highly viscous gels.
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