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Abstract This investigation characterized wettability and
adhesive properties of the major soy protein components
conglycinin (7S) and glycinin (11S) after urea modifica-
tion. Modified 7S and 11S soy proteins were evaluated for
gluing strength with pine, walnut, and cherry plywood and
for wettability using a bubble shape analyzer. The results
showed that different adhesives had varying degrees of
wettability on the wood specimens. The 7S soy protein
modified with urea had better wettability on cherry and
walnut. The 11S soy protein modified with 1M urea had
better wettability on pine. The 1M urea modification gave
11S soy protein the greatest bonding strength in all the
wood specimens. The 3M urea modification gave 7S soy
protein stronger adhesion on cherry and walnut than did
11S protein; but with pine, 11S soy protein had greater
adhesion strength than 7S soy protein. Measurement of
protein secondary structures indicated that the pf-sheet
played an important role in the adhesion strength of 3M
urea-modified soy protein in cherry and walnut, while
random coil was the major factor reducing adhesion
strength of 7S soy protein modified with 1M urea.
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Introduction

Soy-based adhesives were first developed in 1923. They
are attractive because they are environmentally friendly,
biodegradable and renewable. However, soy protein
adhesives have relatively low gluing strength and water
resistance. Most workers have investigated the adhesion
mechanism and developed modified soy protein with
greater adhesion strength and better water resistance [1-8].
Adhesion is a very complicated phenomenon that involves
mechanical interlocking, adhesive penetration, physical
attraction, and chemical bonding. However, the actual
mechanism of adhesive attachment has never been clearly
defined and universally accepted [8]. For good adhesion,
the globular structure has to be broken because any good
adhesive must consist of relatively large, flexible and
interwoven polymer chains [9]. Chemical modifications
were a means of breaking the internal bonds and unfolding
the protein molecules. Alkali, urea and sodium dodecyl
sulfate (SDS) improved the adhesion strength and water
resistance of soy protein isolates [2-6]. The dominant
storage proteins in soybean are globulins, which account
for 50-90% of the total proteins [10]. Conglycinin (7S) and
glycinin (11S) are the main storage globulins. Different
structures and molecular properties of 7S and 11S cause
variations in their functional properties, as well as, their
adhesion performance. Studying 7S and 11S adhesion
mechanism is beneficial to understand soybean protein
adhesion mechanism. An adhesion problem involves the
adhesive and the substrate. The adhesive property, sub-
strate character and adhesive-substrate interfacial property
affect the adhesion performance. Few reports have dis-
cussed adhesion mechanism of 7S and 11S after chemical
modification. The objectives of this study were to charac-
terize wettability and the adhesion strength of 7S and 11S
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proteins, modified with urea, on walnut, cherry, and pine
and to determine the secondary structures playing key roles
on the adhesion strength of 7S and 11S proteins after
modifying with urea.

Materials and Methods
Materials

Defatted soy flour was obtained from Shandong Gushen
Group (Ling County, Shandong province, China) and used
for the preparation of soybean globulins. Urea (Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China) was an
analytical-grade reagent. Thickness and molecular weight
cutoff of the dialyzing membrane were 0.023 mm and
14 kDa, respectively.

Isolation of 7S and 11S Globulins

The 7S and 118 fractions were separated from the soy flour
by the method of Thanh and Shibasaki [11]. Defatted soy
flour was extracted with 30 mM Tris buffer (pH 8.0)
containing 10 mM mercaptoethanol. The pH of the extract
was adjusted to 6.4, and the precipitate collected was 11S
globulins. The pH of the 7S-whey proteins was adjusted to
4.8, and the precipitate was redissolved in 30 mM Tris
buffer (pH 8.0). 2 N NaOH solution was added dropwise
while stirring until the protein dissolved (pH 6.2). The
supernatant was 7S globulins collected by centrifugation
(10,000¢g for 30 min at 4 °C). The 7S and 11S globulins
were freeze-dried and then milled into a powder by mortar
to a particle size of less than 1 mm. The freeze-dried 7S
powder samples had an average protein content of 90.3%
(dry basis, db), while that of 11S was 96.6% (db).

Protein Modification

Solutions of urea (1M, 3M) were prepared at room tem-
perature. The concentrations of urea were chosen based on
previous studies [5]. Ten grams of 7S or 11S fractions were
suspended in 100 g of urea solution, stirred, and allowed to
react for 6 h at room temperature.

Wood Specimen Preparation

Three types of wood, ranging from soft to hard (pine,
cherry, and walnut, respectively) were bought on the open
market, put into polyethylene bags, and placed in silica
gel desiccators under room conditions. The moisture
content of the wood veneer was 10-11% (105 °C, 2 h).
To ensure similar surface conditions, the wood veneer
was prepared with the same planer (YB200C; Qingdao
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Dezhong Machinery Co., Ltd, Qingdao, Shandong prov-
ince, China) using blade number 4, blade length of
800 mm and speed of 50 times/min. The method de-
scribed by Sun and Bian [4] was used to prepare the
wood specimens for testing. Each piece of wood was 3
(thickness) x 20 (width) x 50 (length) mm, and three
pieces were glued together to form a specimen. One
hundred milligrams of protein solutions [10.0% (w:w)]
were placed on each side of the middle piece of wood and
spread separately with one side (20 x 20 mm) of other
two pieces until both sides of the marked area of
20 x 20 mm were wetted completely and uniformly. The
glued area was 2 x 2 cm and the protein concentration
was 2.0 + 0.5 mg/cm®. The wetted wood samples were
allowed to rest at room temperature for about 10 min and
were then assembled together by hand. Six specimens
were then hot-pressed (Flatten Press Machine; Shanghai
Light Industry Mechanical Ltd., Shanghai, China) at
120 °C and 1 MPa for 10 min. The pressed specimens
were cooled and placed in polyethylene bags under room
conditions for 4 days.

Contact Angle Measurement

Contact angles between adhesive and wood were measured
with a bubble shape analyzer (model DSA100, Kriiss Co.,
Germany). One droplet of liquid adhesive (about 2 ul) was
dropped on the surface of the wood and contact angles
were measured. Data reported are means of three replica-
tions. Non-modified 7S and 11S proteins were used as
controls. Contact angle drop percentage was calculated by
the following Eq. 1:

Contact angle drop percentage
__ immediate contact angle — equilibrium contact angle

immediate contact angle
x 100% (1)

Adhesion Strength Measurement

Shear strengths of wood specimens were determined by
using a universal testing machine (model WDT-10;
Shenzhen KaiQiangLi Mechanical Ltd., Shenzhen, China)
operated at a speed of 10 mm/min. The force (N) required
to break the glued wood specimen was recorded. Adhesion
strength data reported are means of six replications. Non-
modified 7S and 11S proteins were used as controls.
Adhesion strength (MPa) was calculated by the following
Eq. 2:

force (N)

Adhesion strength (MPa) = ————-
gluing area (m”)

(2)
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Secondary Structures of Proteins Measurement

Secondary structures of proteins after urea modification
were measured with FTIR (model NEXUS, Thermo Elec-
tron Corporation, Madison, Wisconsin, USA). The corre-
sponding unmodified globulins were used as controls.
Sample solutions were dialyzed for 48 h to eliminate
absorbance of urea at amide I (1,600-1,700 cmfl). Spectra
of dialyzed sample solutions were obtained using attenu-
ated total reflectance (ATR) spectroscopy. Secondary
structural features were calculated from the amide I
(1,600-1,700 cm™") envelope by deconvolution, second
derivative and curve fitting of Gaussian peaks to the
original spectra.

Statistical Analysis

Analysis of variance (Statistical Program for Social
Sciences, SPSS Institute, Chicago, USA) was used for data
analysis, and least significant differences were computed at
5% probability level.

Results and Discussion
Wettability

Wettability of adhesive on the surface of the substrate is a
precondition of better adherence. The contact angle is a
parameter reflecting wettability. When the contact angle is
less than 90°, wetting is adequate between the adhesive and
the substrate [12]. The contact angle drop percentage is
another indicator of wettability. A higher contact angle
drop percentage or lower equilibrium contact angle mean
better wettability of adhesive [13]. The wettability of 7S
and 11S soy protein adhesives on different woods was
evaluated by contact angles and contact angle drop per-
centages (Table 1). The contact angle data were all less
than 90°, which indicated that these adhesives can wet all
the wood samples sufficiently. Different adhesives had
varying degrees of wettability on the wood specimens
(Table 1).

The non-modified 7S soy proteins (7S/UnM) had better
wettability on pine than did non-modified 11S soy proteins
(11S/UnM) based on lower equilibrium contact angle and
higher contact angle drop percentages. On walnut and
cherry, 11S/UnM had better wettability than 7S/UnM.
After modification, to 1M urea, the 7S soy proteins (7S/
IM) had better wettability on walnut and cherry than did
11S/1M soy proteins as indicated by higher contact angle
drop percentages. The 11S/1M adhesive had better wetta-
bility on pine than on other woods. At 3M urea modifica-

tion, the wettability of 7S on all the wood samples was
better than that of 11S as indicated by higher contact angle
drop percentage data. Modification improved the wetta-
bility of the 7S fraction on walnut and cherry but made it
worse on pine. After urea modification, the wettability of
the 11S fraction decreased on walnut and cherry and the
change of wettability on pine depended on the urea con-
centration.

For the hardwood, the 7S fraction modified by urea
had better wettability than the 11S fraction. The drop
percentages were in the order of 7S/1M/walnut > 7S/3M/
cherry > 7S/1M/cherry > 7S/3M/walnut. On pine, the
11S/1M adhesive had the best wettability.

The 7S/3M and 11S/UnM adhesives had similar wetta-
bility on pine, as indicated by contact angle drop percent-
ages that were not statistically different. Similarly, no
difference in wettability was detected between 11S/1M and
11S/3M adhesives toward walnut. Wettability on cherry
was significantly different among all adhesives.

There are many factors affecting the wettability of
adhesive on woods, such as: surface component of wood
[14], spring wood has better wettability than autumn
wood [15, 16], alburnum (sapwood) has better wettability
than duramen (heartwood) [17]. In our study, the nature
of the surfaces of the different species wood we used may
have affected their wettability. Because we bought them
from the local market, we were unable to determine
whether the samples were spring wood, autumn wood,
sapwood, or heartwood, which could also affect wetta-
bility. We assumed that their effects were negligible in
this paper.

Adhesion Strength

Adhesion strength of a protein glue depends on the pro-
tein’s ability to disperse in water and the interaction of
apolar and polar groups of the protein with the wood
material [7]. The adhesion strengths of 7S and 11S modi-
fied with urea are shown in Fig. . Compared with
unmodified proteins, the 1M urea-modified 7S fraction had
improved adhesion strengths on pine and cherry while the
3M urea modification improved the adhesion strengths of
7S on walnut. For 11S fractions, the adhesion strengths
improved on all woods after modification with 1M urea,
but decreased on all wood samples after being modified
with 3M urea. The 11S/UnM adhesive had greater shear
strength than the 7S/UnM adhesive on all woods. The 7S/
3M adhesive had greater shear strength than the 11S/3M
adhesive with walnut and cherry. These results are in
agreement with the observation of Mo et al. [18], who
found that adhesive strength of the 7S/3M adhesive was
higher than the 11S/3M adhesive applied to cherry wood.
The 11S/1M adhesive gave the highest shear strength in all
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Table 1 Wettability of

0;* (degree) 0.° (degree) Contact angle

drop percentage (%)

87.1a 8.45a 90.3a
89.5b 66.12b 26.1b
88.3¢c 60.3c 31.7c
70.40d 19.80d 71.9d
39.30e 7.89%¢ 79.9¢
70.80f 23.38f 67.0f
81.50g 26.60g 67.4f
69.70h 24.47h 64.9g
71.20i 15.24i 78.6h
83.7j 27.82j 66.8f
85.6k 24.25k 71.7d
88.2¢ 27.361 69.0i
66.601 16.99m 74.5j
59.00m 24.52h 58.4k
73.90n 39.48n 46.61
71.20i 32.06i 55.0m
67.570 27.70j 59.0k
46.80p 39.46n 15.7n

different adhesives on pine, Adhesive Wood
walnut and cherry
7S/UnM¢ Pine
Walnut
Cherry
78/1M¢ Pine
Walnut
Cherry
7S/3M Pine
Walnut
Mean values of three C'herry
replications. Values in the same 11S/UnM Pine
column followed by different Walnut
ophpe roman !etters are Cherry
significantly different .
* Immediate contact angle Walnut
° Equilibrium contact angle Cherry
¢ Unmodified soy protein 11S/3M Pine
9 Molar concentration of urea Walnut
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Fig. 1 Shear strengths of six different adhesives on pine, walnut,
cherry plywood. Shear strengths values are means of six measure-
ments

the wood samples. 7S/3M adhesive had better wettability
than 11S/3M adhesive, which likely resulted in better
gluing strength in the wood samples, except for pine. The
11S/1M adhesive had the highest shear strength on pine,
which was probably influenced by its superior wettability
on this wood. The 7S/3M adhesive had lower shear
strength on pine despite good wettability indicators. The
11S/1M adhesive had a higher shear strength on hardwood
even with lower wettability. These results indicated that,
while wettability of adhesive is a strong influence on
adherence, wettability was not the only factor affecting
adhesion strength. This finding was suggested by the lack
of difference noted in the wettability between 7S/3M and
11S/UnM with pine, although the adhesion strength of 11S/
UnM on pine was higher than that of 7S/3M. Similarly, the
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adhesion strength of 11S/1IM on walnut was higher than
that of 11S/3M, but their wettabilities were not statistically
different (Table 1).

Secondary Structures of Proteins

The secondary structure might be desirable for protein
adhesion [5]. Proteins modified at relatively lower urea
concentrations (e.g. 1M or 3M) may have been partly un-
folded and have a certain amount of secondary structure,
resulting in better shear strengths [5]. The assignment of
the individual bands to secondary structure elements is
based on FTIR data of proteins published recently [19-21].
The original FTIR spectrums are shown in Fig. 2. We
assigned the o-helix structure to 1,649-1,660 cm’l, the
random coil structure to 1,638-1,648 cm™, the p-sheet
structure to 1,606-1,637 cm™!, and p-turn structure to
1,660—1,700 cm™". The a-helix content of 7S decreased and
f-sheet increased notably after being modified with 3M
urea. With 118, the o-helix content increased and f-sheet
decreased after being modified with 3M urea (Table 2).
The f-sheet content of 7S/3M adhesive was higher than
that of 11S/3M adhesive (45.5 and 33.4%, respectively).
The 7S/3M had higher adhesion strengths on walnut and
cherry than the 11S/3M adhesive (Fig. 1). These results
indicated that the f5-sheet played an important role on the
adhesion strength of 3M urea-modified soy protein on
walnut and cherry. The adhesion strengths of 11S/1M for
the three types of plywood were the highest among all
adhesives tested (Fig. 1). After urea modification, random
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Fig. 2 Original FTIR spectrums of different adhesives after dialysis

Table 2 Secondary structures of proteins modified with urea (U)

(1M, 3M) and unmodified (UnM) soy proteins

Different o-Helix p-Sheet p-Turn Random
adhesives (%) (%) (%) coil (%)
7S/UnM* 28.48d 34.30a 20.90a 16.31a
78/1MP 18.84c 33.27a 25.93b 21.96b,c
7S/13M 0.00a 45.49¢ 30.57c 23.95¢
11S/UnM 14.29b 43.35¢ 26.66b 15.71a
11S/1M 17.00c 37.60b 27.74b 17.67a
11S/3M 17.97¢c 33.37a 27.58b 21.08b

Mean values of three replications. Values in the same column fol-
lowed by different online roman letters are significantly different

(P < 0.05)
# Unmodified

soy protein

® Molar concentration of urea solution

coil contents of 7S were higher than that of 11S. Random
coil contents also increased with increasing urea concen-
tration (Table 2). Random coil contents of 11S/1M was
lower than that of 7S/1M, which indicated that random coil
was the major factor reducing adhesion strength of 7S
modified with 1M urea. This is supported by our obser-
vation that the random coil content of 11S/UnM was lower
than that of 7S/3M, and its adhesion strength on pine was
higher than that of 7S/3M. A smooth surface structure, like
pine wood, might have less micro random “finger joint”
effects [4] and these random coil structure could penetrate
though cell walls of fibers of the wood surface and become
part of fiber component, which could be another reason for
the low gluing strength.
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