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ABSTRACT: An investigation was conducted on the adhesive
and water-resistance properties of soy protein isolates that were
modified by varying solutions of urea (1, 3, 5, and 8 M) or
guanidine hydrochloride (GH) (0.5, 1, and 3 M) and applied on
walnut, cherry, and pine plywoods. Soy proteins modified by 1
and 3 M urea showed greater shear strengths than did unmodi-
fied protein. The 3 M urea modification gave soy protein the
highest shear strength. Soy proteins modified with 0.5 and 1 M
GH gave greater shear strengths than did the unmodified pro-
tein. The 1 M GH-modified soy protein gave the highest shear
strength. Compared to the unmodified protein, the modified
proteins also exhibited higher shear strengths after incubating
with two cycles of alternating relative humidity, zero delamina-
tion, and higher remaining shear strengths after three cycles
water soaking and drying. These results indicate that soy pro-
teins modified with urea and GH enhance water resistance as
well as adhesive strength. Secondary structures of globule pro-
teins may enhance adhesion strength, and the exposure of hy-
drophobic amino acids may enhance water resistance. Proteins
modified by 3 M urea or 1 M GH may have higher content of
secondary structure and more exposed hydrophobic amino
acids, compared with other modifications or unmodified pro-
teins.
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The various forms of wood utilization represent an extremely
large and diverse market for adhesives (1). Soy-based adhe-
sives were first developed in 1923 when a patent was granted
for a soy meal-based glue (2). However, those soy protein ad-
hesives had low gluing strength and water resistance. Adhe-
sives produced from petroleum overcame those disadvan-
tages, but the continuing emission of phenol/formaldehyde
has caused environmental and toxicity problems during prod-
uct manufacturing, distribution, and use (3,4). The greatly ex-
panding markets for adhesives, the aggravating threat of lim-
ited world oil reserves, and the increasing concern over envi-
ronmental pollution have forced the plywood industry to
consider new types of wood adhesives from renewable re-
sources. Soy protein adhesives are attractive because they are
environmentally friendly.
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Soybeans are one of the most important crops grown in the
United States today (5). Industrial uses of soy proteins are
being promoted to increase their value (1,5). The use of soy
proteins in industrial applications is based on their functional
properties. Protein modification is designed to improve func-
tional properties by altering protein molecular structure or
conformation, through physical, chemical, or enzymatic
agents at the secondary, tertiary, and quaternary levels. Re-
search on functional properties of modified proteins has fo-
cused on food applications such as solubility, viscosity, gela-
tion, and emulsion stability (6-8).

Little has been reported on modifications of soy protein to
improve its adhesive properties on wood. Hettiarachchy et al.
(9) prepared soy protein-based adhesives using alkali (NaOH)-
and trypsin-modification methods. They found that adhesive
strength and water resistance of both modified soy proteins
were enhanced compared to those of unmodified proteins, but
the alkali-modified soy protein adhesive was stronger and more
water resistant. Previous research by our group compared urea-
modified soy proteins with alkali- and heat-modified soy pro-
teinsin terms of their adhesive properties (10). The adhesive
produced by urea modification was found to have stronger
shear strength and water resistance, but the effects of using dif-
ferent concentrations for modification were not examined. Urea
and guanidine hydrocholoride have been extensively reported
to be protein denaturants (11-15). However, no reports were
found on their effects on protein adhesive properties. Elucida-
ting the chemistry, unfolding, modification, and denaturation
of protein would undoubtedly lead to a better understanding of
protein adhesion and may play a significant role in developing
soy protein adhesives for industrial use. The objective of this
research was to investigate the adhesive and water-resi stance
properties of soy protein isolates (SPI) modified by different
concentrations of urea and guanidine hydrochloride and used
on walnut, cherry, and pine plywoods.

MATERIALS AND METHODS

Materials. Defatted soy flour was obtained from Cargill
(Cedar Rapids, 1A) and used for the preparation of SPI. Urea
(Mallinckrodt Chemical Works, St. Louis, MO) and guani-
dine hydrochloride (GH) (Sigma Chemical Co., St. Louis,
MO) were both analytical-grade reagents. Unmodified SPI
was used as control.
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SPI preparation. Defatted soy flour (100 g) was mixed
with 1500 mL distilled water and stirred for 30 min at room
temperature. The pH of the mixture was then adjusted to 8.5
with 1 N NaOH and stirred for another 20 min. The slurry was
centrifuged at 10,000 x g at 4°C for 20 min. The supernatant
was recovered, its pH was adjusted to 4.2, and then it was
kept at 4°C for 12 h. After another centrifugation at 6,500 x g
at 4°C for 20 min, the precipitated SPI fraction was obtained.
It was redissolved at pH 7.6, freeze-dried (model 6211-0495;
The Virtis Co., Inc., Gardiner, NY), and then milled (Cyclone
Sample Mill, model 3010-030; UDY Corp., Fort Callins, CO)
into a powder with 90% passing through U.S. #100 mesh. The
freeze-dried SPI powder samples had an average protein con-
tent of 88.26% (dry basis) (LECO, Leco Corp., St. Joseph,
MI) and moisture content of 5%.

Protein modification. Solutions of urea (1, 3, 5, and 8 M)
and GH (0.5, 1, and 3 M) were prepared at room temperature.
SPI powder (10 g) was suspended in each urea and GH solu-
tion (100 mL), and stirred and reacted for 6 h.

Wobod specimen preparation. Three wood varieties ranging
from hard to soft (walnut, cherry, and pine, respectively) were
used. The method described by Sun and Bian (10) was used to
prepare the wood specimens for testing. Each wood piece was
3 x 20 x 50 mm (thickness, width, and length), and three pieces
were glued to form a specimen. The modified protein adhesive
slurry was brushed onto both sides of the middle piece and onto
one side of the other two pieces. The applied area on each side
was 2 x 2 cm and the protein concentration was 1.80 mg/cm?
with a standard deviation of 0.04 mg/cm?. The three wood
pieces with the adhesive were allowed to rest at room tempera-
ture for about 5 min before they were assembled together by
hand. Then they were hot-pressed (model 3890 Auto M; Carver
Inc., Wabash, IN) at 115°C and 20 kg/cm? for about 7 min. The
pressed specimens were cooled and then stored in polyethyl-
ene bags at ambient conditions for 4 d.

Adhesive strength. Shear strengths of wood specimens
were determined by using an Instron testing machine (model
4466; Canton, MA) operated at a crosshead speed of 2.4
cm/min. The force (kg) required to break the glued wood
specimen was recorded. All the adhesive strength data re-
ported are means of eight replications.

Incubation aging. Water resistance (for interior applica-
tion) of the adhesive was tested by following ASTM standard
method D-1183 (16). For the first cycle, the glued specimens
were incubated in a chamber at 90% relative humidity (RH)
and 23°C for 60 h, and then conditioned at 25% RH and 48°C
for 24 h. For the second cycle, the aging parameters were
90% RH and 23°C for 72 h and 25% RH and 48°C for 24 h.
Ten specimens were used for each treatment.

Water-soaking. Water resistance (for exterior application)
of the adhesive was tested according to the modified method
described by Hettiarachchy et al. (9). The glued-wood speci-
mens were placed in a container and soaked in tap water for
48 h at room temperature, and then were air-dried at room
temperature for 48 h in a fume hood. Ten specimens were
used for each treatment. After three cycles of soaking and
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drying, the dried-wood specimens were examined for delami-
nation and shear strength.

Differential scanning calorimetry (DSC) measurement.
Thermal transition properties of modified and unmodified soy
protein samples were measured with a PerkinElmer DSC 7
instrument (PerkinElmer, Norwalk, CT). Each sample was
analyzed in the presence of excess water (1:10). Large sam-
ple pans were used, and the DSC temperature range was from
30 to 200°C, and the heating rate was 10°C/min.

RESULTS AND DISCUSSION

Shear strength. The 3 M urea modification gave soy protein
the highest shear strength in all wood types (Table 1). Modi-
fications with 1 and 5M urea had lower shear strength, as
compared to the 3 M urea modification, but were still higher
than the unmodified proteins. However, for walnut and pine,
the glue strengths for 1 and 5 M urea modification were not
significantly decreased as compared to that for 3 M urea mod-
ification. The 8 M urea modification had the lowest shear
strength among these modifications, and was even lower than
the unmodified proteins.

The soy proteins modified by GH at 0.5 and 1 M concen-
trations exhibited greater shear strengths than the unmodified
proteins (Table 1). Modification by 3 M GH had the least ef-
fect on adhesive strength. The soy protein modified with 1 M
GH had the highest shear strength in all the wood samples.

Variations in adhesive strength with type of wood were ob-
served (Table 1). Modified proteins had higher shear strengths
with the hard wood (walnut) and intermediate-hard wood
(cherry). At 1 M GH modification, for example, shear
strengths were greater in walnut and cherry than in the soft
pine wood. The same behavior was observed with 3 M urea-
modified proteins (Table 1). These results are in agreement
with the observation of Kalapathy et al. (17), who found that
adhesive strength was much lower with pine than with wal-
nut, cherry, maple, and poplar samples. The differences in
physical properties and surface structures of the woods may
account for the variations in adhesive strengths. Pine has the
smoothest surface structure among these three wood types
(10), and smooth surface structures often cause adhesive fail-
ure (18). However, smooth surface structures may not be as
sensitive to adhesive molecular structures as rough surface

TABLE 1

Shear Strengths (kg/cm?) of Wood Specimens Glued with Unmodified
(UnM), Urea (U) (1, 3, 5, and 8 M)-Modified, and Guanidine
Hydrochloride (GH) (0.5, 1, and 3 M)-Modified Soy Proteins?

Urea (M)° GH (M)
Sample 1 3 5 8 05 1 3 unM
Walnut 48" 5420 4g°c 26%¢  44°¢ 510 gecd  30d
Cherry 42°¢ 592 37¢ 33 49 602 369 41°
Pine 41 42°¢ 40¢ 3659 48P 47 41° 319

aMeans, based on n = 10, followed by different superscript roman letters are
significantly different using least significant differences (LSD) and a probabil-
ity level of o = 0.05.

bMolar concentration of solution for modification.
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structures. Therefore, the glue strengths in the pine wood
sample for 1 and 5 M urea or 0.5 or 3 M GH modification
were not significantly decreased as compared to that for
cherry. The exact reason for this phenomenon is unknown.

Water resistance. Water resistance is an important glue
property that determines adhesive bond durability (1). After
the incubation aging test, the shear strengths of the wood
specimens glued with 1 and 3 M urea-modified soy proteins
(Table 2) remained almost the same as the initial strengths
(Table 1). Proteins modified by 3 M urea were found to have
the best water resistance (zero delamination rate) in all wood
types, as well as higher remaining shear strengths after three
water-soaking cycles (Table 2). Shear strengths of wood spec-
imens glued with proteins modified by 5 and 8 M urea signif-
icantly decreased, as did the shear strength of specimens
glued with unmodified proteins.

Specimens glued with proteins modified by 0.5 and 1 M
GH gave higher shear strengths after incubation aging, and
zero delamination rate and higher remaining shear strengths
after three water-soaking cycles compared with those glued
with unmodified proteins and 3 M GH-modified proteins
(Table 3). These results indicated that soy proteins modified
by GH at 0.5 and 1 M concentrations had better water resis-
tance. The GH modification at 1 M was found to be the best
among the three concentrations selected.

DSC analysis. Modifications that change secondary, ter-
tiary, or quaternary structure of a protein molecule have been
referred to as denaturation (9). Urea has oxygen and hydro-
gen atoms that would interact with hydroxy!l groups of the soy
proteins, which could break down the hydrogen bonding in
the protein body and, consequently, unfold the protein com-
plex. Previous studies have suggested that complete unfold-
ing of aprotein could happen at higher urea concentrations,

TABLE 2

Shear Strengths and Delamination of Wood Specimens Glued with
UnM and U-Modified Soy Proteins After Incubation Aging and Water
Soaking Tests?

U-1 MP U-3 M U-5M U-8 M unM

Shear strength after incubation (kg/cm?)©

Walnut 492 453D 33be 214 25¢0d

Cherry 42° 492 29° 25¢4d 38P

Pine 41> 39° 31°¢ 214 214
Delamination after water soaking (%)d

Walnut 10 0 20 90 100

Cherry 0 0 30 100 100

Pine 0 0 0 0 90
Shear strength after water soaking (kg/cm?)

Walnut ge 10° 5f 4f —

Cherry 12¢ 149 7ef — —

Pine 17¢ 25¢d 12¢ 5f e

aMeans, based on n = 10, followed by different superscript roman letters are
significantly different using LSD and a probability level of a = 0.05. See
Table 1 for abbreviations.

PMolar concentration of solution for modification.

®Shear strengths of wood specimens were determined with an Instron testing
machine (model 4466; Canton, MA) operated at a crosshead speed of 2.4
cm/min.

dConditions of modified method described in Reference 9.
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TABLE 3
Shear Strengths and Delamination of Wood Specimens Glued with
UnM and GH-Modified Soy Proteins After Incubation Aging and
Water Soaking Tests?
GH-0.5 MP GH-1M GH-3 M unM

Shear strength after incubation (kg/cm?)

Walnut 41> 3gP 32¢ 25¢

Cherry 38P 492 32¢ 38P

Pine 40P 37° 42° 219
Delamination after water soaking (%)

Walnut 0 0 100 100

Cherry 0 0 100 100

Pine 0 0 0 90
Shear strength after water soaking (kg/cm?)

Walnut 11° 7 — —

Cherry gef 13¢ — —

Pine 20¢ 37° gef 6'

aMeans, based on n = 10, followed by different superscript roman letters are
significantly different using LSD and a probability level of a. = 0.05. See
Table 1 for abbreviations.

bMolar concentration of solution for modification. Conditions and measure-
ment methods are the same as describe in footnotes ¢ and d of Table 2.

such as 8, 9, or 10 M (11,12,15,19). The DSC data for soy
proteins treated with urea at varying concentrations showed
that as urea concentration increased, the peak temperatures
for soy protein subunits conglycinin (7S) and globulin (11S),
aswell asthe total enthalpy, decreased (Table 4). Thisindi-
cated that the higher the urea concentration, the greater the
degree of denaturation, i.e., the greater the extent of protein
unfolding. The lower shear strength of soy proteins at higher
urea concentrations (5 and 8 M, Table 1) may have resulted
from the higher extent of unfolding. Urea could unfold the
secondary structure of a protein at concentrations greater than
5M (11,12,15). The secondary structure might be desirable
for protein adhesion. Proteins modified at relatively lower
urea concentrations (1 and 3 M) may have been partly un-
folded and had a certain amount of secondary structure, re-
sulting in better shear strengths (Table 1). As protein mole-
cules disperse and unfold in solution, the partly unfolded mol-

TABLE 4
Differential Scanning Calorimetry Data Presenting Thermal Behavior
for UnM, UM, and GHM Soy Protein Isolates?

Sample T1(°C)P T2 (°C)° Enthalpy (/g)?
unM 74.94 88.79 9.973
ume
1 71.80 85.48 9.767
3 63.13 83.68 1.540
5 — 81.67 0.622
8 J— J— J—
GHM®
0.5 79.49 98.52 10.280
1 79.33 96.52 10.735
3 70.81 85.85 2.550

aSee Table 1 for abbreviations.

bPeak temperature for 7S soy protein fraction.
CPeak temperature for 115 soy protein fraction.
dsum of the enthalpy for both 7S and 11S peaks.
€Molar concentration of solution for modification.
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ecules with a certain amount of secondary structure increase
the contact area and adhesion force onto other surfaces, such
as wood materials, and they interact with each other during
the curing process to achieve bonding strength. Protein modi-
fication also could expose to the surface some hydrophobic
amino acids that are buried inside, increasing hydrophobicity
and thus increasing water resistance. This was supported by
the experimental dataat 3 M urea modification (Table 2).

GH is more effective than urea in denaturing proteins
(11-15,19,20). However, the DSC data (Table 4) showed that
soy proteins modified by 0.5 and 1 M GH had higher thermal
transition temperatures and enthal pies than the unmodified
protein. The 1 M GH maodification resulted in a denatured
protein with the highest enthalpy (10.735 J/g) (Table 4). Nu-
merous studies have been done on the denatured state of glob-
ular protein molecules under different GH concentrations
(11,12,14,15,19-21). At 0.3-2 M GH, the specific tertiary
structure of aprotein, for example, human o-lactalbumin, was
destroyed as monitored by near-ultraviolet circular dichroism
(UV CD) spectra, whereas at 26 M GH, in the secondary
structure, as monitored by far-UV CD spectra, the compact-
ness of molecules was destroyed (21). The molten-globule
state of some globular proteins denatured by GH at smaller
concentrations has been reported extensively since Tanford
(11) summarized experimental evidence that protein could
have structures intermediate between native and highly un-
ordered states (19-24). A globular protein in this state is
nearly as compact as native proteins and has a high content
of a secondary structure with fluctuating tertiary structure
(19,22-24). Heat capacity of the molten globule state is much
higher than that of the native state (24). The soy proteins
modified by 0.5 and 1 M GH may have been in the molten
globule state, resulting in the higher DSC peak temperature
and enthalpy (Table 4).

Although the molten-globule state is rather compact, more
hydrophobic groups can be expanded in water than in the na-
tive state, which was confirmed by the fact that proteinsin the
molten globule state were usually less soluble in water than
in the native state (19). Proteins in the molten-globule state
had a more labile surface, which might facilitate their ability
to penetrate membranes more easily than native proteins (19).
Thisrelationship impliesthat 1 M GH-modified proteinin the
molten-globule state could easily penetrate the wood surface
and generate more adhesion force, resulting in strong bond-
ing strength and water resistance (Table 3).
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