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Introduction

Soy proteins have shown strong potential as wood adhe-
sives, and much research has been dedicated to improving 
the adhesion performance of soy protein-based adhesives. 
High adhesive strength, water resistance, and low viscos-
ity are the basic requirements for wood glue. To meet these 
requirements, adhesive strength and water resistance have 
been improved by modifying soy protein-based adhesives 
using denaturation reagents, reducing agents, crosslink-
ing agents, and enzyme hydrolysis [1–7]. Application of 
modifiers to enhance the adhesion properties of soy protein 
should greatly affect the resulting physicochemical proper-
ties, such as thermal, spectroscopic, and rheological prop-
erties. Many works have shown improvement in adhesion 
strength and changes in physiochemical properties to sup-
port this conclusion [8–13]. Industries are seeking time-
efficient methods for both quality control and screening in 
soy protein-based adhesive product development; however, 
research has not determined the correlation between phys-
icochemical properties and shear adhesion performance, 
and knowing such correlations would help reduce testing 
cycle length and expenses.

The objective of this study was to investigate the physi-
cal properties of soy protein-based adhesives that can 
explain and predict adhesion performance and their rela-
tionship with shear adhesion strength. Viscosity, tackiness, 
and water resistance were measured to correlate the shear 
adhesion strength of soy protein-based adhesives. Viscosity 
is one of the most critical factors that affects the flow prop-
erty and penetration of soy protein molecules through wood 

Abstract This work was to correlate physical properties 
with adhesion properties of soy protein-based adhesives. 
By building such a correlation, the adhesion properties 
can be predicted by measuring physical properties of soy 
protein-based adhesives. In this context, three important 
physical properties, viscosity, tacky force, and water resist-
ance, were selected to correlate with adhesion strength of 
enzymatically modified soy protein-based adhesives (ESP). 
Response surface methodology, specifically central com-
posite design, was used with three independent variables 
to prepare ESP: trypsin concentration (X1), incubation time 
(X2), and glutaraldehyde (GA) concentration (X3). The 
three physical properties measured were all greatly affected 
by our three independent variables with significance at 
the 95 % confidence level. The responses were then cor-
related with the adhesion properties of ESP. In conclusion, 
viscosity can be used to predict the dry adhesion strength 
of ESP based on the coefficient of determination (R2) of 
0.8558. In addition, tacky force and water resistance can 
be used to represent wet adhesion strength of ESP based 
on R2 of 0.7082 and 0.6930, respectively (P < 0.05). This 
work preliminarily identified the significant physical prop-
erties that can predict the adhesion strength of the ESP sys-
tem crosslinked with GA, but the results need to be further 
confirmed by another protein modification system to give a 
generic conclusion.
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materials, which directly influence adhesion strength [14]. 
Tackiness can represent the degree of mechanical interlock-
ing between soy protein molecules and a metal substrate, 
and can be an indirect indicator of adhesion performance. 
Also, water resistance is an important parameter of soy 
protein-based adhesives and can be obtained by measuring 
the solubility of soy protein molecules in water. These three 
properties were used to establish reliable and representa-
tive methodologies to correlate with adhesion strength. Our 
previous studies successfully accomplished a new modi-
fied soy protein-based adhesive (MSP) using NaHSO3 with 
a high solid content of 38 %, good flowability and good 
water resistance [15, 16]. The MSP is in viscous and cohe-
sive phase with latex texture. In this work, MSP was used 
as a base polymer for further treatment to prepare enzy-
matically modified soy protein-based adhesives (ESP) with 
three independent variables [X1: trypsin concentration; X2: 
incubation time; and X3: glutaraldehyde (GA) concentra-
tion as a crosslinker] using response surface methodology 
(RSM) called central composite design (CCD) [17–19]. A 
series of treatments was applied to MSP, and the important 
physical properties of viscosity (Y1), tacky force (Y2), and 
water resistance (Y3) were measured and their relationship 
with shear adhesion strength was investigated.

Experimental Procedures

Materials

Defatted soy flour with a protein dispersion index of 90 
was provided by Cargill (Cedar Rapids, IA, USA). Trypsin 
was purchased from MP biochemical (Santa Anna, CA, 
USA), and GA (Glutaraldehyde solution, 50 wt% in the 
water) was purchased from Fisher Scientific (Hampton, 
NH, USA). Cherry wood samples with dimensions of 
50 mm (width) × 127 mm (length) × 5 mm (thickness) 
were obtained from Veneer One (Oceanside, NY, USA).

Experimental Design

Three variables, trypsin concentration (X1), incubation time 
(X2), and GA concentration (X3), were chosen as parameter 

variables, and the corresponding viscosity (Y1), tacky force 
(Y2), and water resistance (Y3) were the responses. The 
ranges of each variable were selected based on preliminary 
experiments and the coded and un-coded variables are sum-
marized in Table 1.

A standard RSM design called central composite design 
(CCD) was applied to study the effects and interactions of 
the parameter variables (X1, X2, and X3) on the responses 
(Y1, Y2, and Y3). A set of 20 experiments, including 8 fac-
torial experiments, 6 star points, and 6 center points, were 
carried out. The distance of the star points from the center 
point is given by α = 2n/4, where n is the number of factors 
(for three factors, α = 23/4 = 1.682). The system behav-
ior is described by a second-order polynomial regression 
model carried out using Design Expert software (trial ver-
sion 9.0.0; Static-Made Easy, Minneapolis, MN, USA) and 
given by:

where Y is the response variable; α0 is a constant; αi, αij, 
and αii are the linear, quadratic and interactive coefficients, 
respectively, Xi and Xj are the levels of the parameter vari-
ables, and ε is the random error. The responses obtained 
from the experimental design were subjected to multiple 
non-linear regressions using Design Expert. The qual-
ity of the fit of the polynomial model equation was evalu-
ated by the R-squared (R2), Predicted R-squared (Pred R2), 
adequate precision (AP), and standard deviation (SD). The 
significance of the regression coefficient was determined 
using an F test and p value. Furthermore, the models were 
further justified through an analysis of variance (ANOVA).

MSP and ESP Sample Preparation

MSP was extracted from soy flour slurry modified with 
sodium bisulfate using the acid precipitation method 
described by Qi et al. [13, 15]. Defatted soy protein flour 
was dispersed in water (1:16 ratio) at pH 9.5 using 3 N 
NaOH. The NaHSO3 (6 g/L) was added to the soy protein 
slurry and stirred for 2 h. The pH of the slurry was then 
adjusted to pH 5.4 with 2 N HCl to remove carbohydrates 
by centrifugation at 12,000g relative centrifugal force 
(RCF). After centrifugation, the supernatant liquid was 
carefully decanted from the container and then collected. 
Then, the pH of the collected supernatant was adjusted 
to 4.8 with 2 N HCl and centrifuged at 8000g RCF. After 
discarding the supernatant, the precipitate that gathered on 
the bottom of the container was collected with spatula. The 
precipitate, MSP, was collected. As noted in Table 2, a vari-
ation of treatments was applied to MSP to prepare ESP. A 
specific amount of trypsin was added to the MSP, and the 
mixture was incubated at room temperature (25 ± 1 °C) for 

(1)Y = α0 +
∑

αiXi +

∑

αiiX
2

i +

∑

αijXiXj + ∈

Table 1  Levels of parameter variables used in RSM design called 
CCD

Coded and un-coded variables Levels

Coded variables (Zi) −1.682 −1 0 1 1.682

Trypsin concentration (X1, wt%) 0.50 0.80 1.25 1.70 2.00

Incubation time (X2, h) 1.00 3.23 6.50 9.77 12.00

GA concentration (X3, wt%) 0.00 0.20 0.50 0.80 1.00
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corresponding incubation time (1.0–12.0 h) while gently 
stirring. Immediately after the enzyme reaction had taken 
place, the trypsin was inactivated by heating at 90 °C for 
3 min [20]. Then, the corresponding GA concentration 
(0.0–1.0 wt% based on total adhesive weight) was added 
to ESP and stirred thoroughly for complete mixing. The 
experiments in Table 2 were sequentially conducted.

Physicochemical Properties Measurement

Viscosity Measurement

A Bohlin CVOR 150 rheometer (Malvern Instruments, 
Southborough, MA, USA) was used to measure viscos-
ity of ESP. A parallel plate head with 20-mm plate diam-
eter and a 500-μm gap was used. The measurements were 
performed with the single shear rate of 40 s−1. The test-
ing temperature was 25 °C. A thin layer of silicon oil was 
spread around the circumference of the sample to prevent 
dehydration. Viscosities were recorded for 120 s, and all 
measurements were triplicated and averaged.

Tacky Force

The standard test method for a loop tack test for pressure-
sensitive adhesives (ASTM D 6195-03) was followed to 
measure the tackiness of ESP. This test method involved 

a loop of ESP applied on papers (LaserJet printing paper; 
Hewlett-Packard, Palo Alto, CA, USA) to be brought into 
controlled contact with a 1-in.2 (c.2.52-mm) stainless steel 
surface. To ensure that the same amount of ESP was applied 
to the paper, a brass mold was built with a square hole 
(25.4 × 25.4 × 0.25 mm) in the middle of the rectangular 
bass plate (60.0 × 40.0 × 0.25 mm). The sample amount 
was controlled by the thickness of the mold. The mold was 
placed on the middle of the paper (1 × 7 in.), the sample 
was placed inside the hole of the mold, and excess sam-
ple was removed by scraping a stainless steel stick across 
the surface of the brass mold. The paper with a sample was 
bent to form a teardrop-shaped loop with the sample sur-
face facing out. The ends of the loop were fastened into the 
upper grips of the tensile tester (Imada tensile tester; DS2-
11, Northbrook, IL, USA). Moving the tensile tester down 
meant the specimen loop completely covered the 1-in.2 
area of the stainless steel portion of the test fixture. After 
waiting for 30 s (dwell time), the maximum force required 
to remove the specimen loop from the stainless steel was 
recorded. All measurements were in triplicate.

Water Resistance

Water resistance of ESP was determined by measuring 
the protein loss after soaking the cured soy protein film in 
water. The adhesive samples were spread on a glass slide 

Table 2  Experimental design and the corresponding responses

Run number Trypsin concentration 
(X1, wt%)

Incubation time (X2, 
h)

GA concentration 
(X3, wt%)

Viscosity (Y1, Pa s) Tacky force (Y2, N) Water resistance 
(Y3, %)

1 0.50 6.50 0.50 6.32 ± 0.14 0.90 ± 0.07 1.60 ± 0.44

2 1.25 6.50 0.50 8.11 ± 0.35 0.63 ± 0.05 4.12 ± 0.02

3 1.70 3.23 0.80 9.36 ± 0.44 0.78 ± 0.13 9.03 ± 0.41

4 1.70 9.77 0.80 6.56 ± 0.17 1.18 ± 0.20 5.01 ± 0.50

5 1.25 6.50 0.50 8.30 ± 0.42 0.67 ± 0.13 5.98 ± 0.38

6 1.25 6.50 0.50 8.28 ± 0.44 0.52 ± 0.25 3.10 ± 0.22

7 1.25 6.50 0.50 8.48 ± 0.43 0.70 ± 0.05 4.37 ± 0.36

8 0.80 9.77 0.20 10.21 ± 0.19 0.68 ± 0.07 3.87 ± 0.38

9 0.80 3.23 1.00 6.99 ± 0.22 1.28 ± 0.23 8.02 ± 0.67

10 1.25 6.50 0.50 9.10 ± 0.06 0.61 ± 0.10 2.79 ± 0.19

11 1.25 6.50 0.00 7.32 ± 0.27 0.66 ± 0.18 4.04 ± 0.29

12 0.80 3.23 0.20 4.48 ± 0.47 0.69 ± 0.04 2.58 ± 0.32

13 1.25 1.00 0.50 5.78 ± 0.18 0.83 ± 0.24 13.47 ± 0.47

14 0.80 9.77 0.80 8.86 ± 0.32 1.30 ± 0.06 5.38 ± 0.72

15 1.25 6.50 0.50 7.05 ± 0.10 0.81 ± 0.09 5.05 ± 0.22

16 1.70 9.77 0.20 5.99 ± 0.34 0.86 ± 0.24 3.86 ± 0.41

17 1.70 3.23 0.20 8.08 ± 0.15 0.79 ± 0.10 3.83 ± 0.51

18 1.25 6.50 1.00 7.44 ± 0.11 0.96 ± 0.12 2.90 ± 0.24

19 1.25 12.00 0.50 7.27 ± 0.11 0.57 ± 0.08 5.01 ± 0.57

20 2.00 6.50 0.50 6.15 ± 0.20 0.82 ± 0.05 5.21 ± 0.21
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using a spatula to make a thin film, and the specimen was 
cured in an oven at 100 °C for 1 h. The specimen was 
soaked in water (tap water, temperature 21 °C) for 30 min 
to observe the loss or dissolution of the cured protein film. 
The average of the loaded adhesive was 0.7061 g and 
30 min was adequate to observe the diffusion of the protein 
molecules into water. The wet specimens were dried in the 
oven at 100 °C for 1 h. Water resistance (%) was calculated 
based on the weight difference of protein film before and 
after soaking using Eq. (2);

where Wb and Wa are weights of sample before and after 
water soaking, respectively.

Mechanical Plywood Properties

Two‑Ply Plywood Specimen Preparation

Cherry wood veneers with dimensions of 
50 × 127 × 5 mm were preconditioned in a chamber 
(Electro-Tech Systems, Glenside, PA, USA) for 7 days 
at 23 °C and 50 % relative humidity. The adhesives were 
brushed onto one end of a piece of cherry wood with 
dimensions of 127 × 20 mm (length × width) until the 
entire area was completely wet. The consumed average 
amount of the adhesive was 0.70 g. Two brushed wood 
pieces were assembled immediately and conditioned for 
10 min at room temperature. Then the assembled wood 
specimens were pressed with a hot press (Model 3890 
Auto M; Carver, Wabash, IN, USA) at 1.4 MPa and 170 °C 
for 10 min.

Shear Strength Measurement

For two-ply plywood samples, the assembled wood sam-
ples were cooled, conditioned at 23 °C and 50 % relative 
humidity for 48 h, and cut into five pieces with dimensions 
of 80 × 20 mm (glued area of 20 × 20 mm). The cut wood 
specimens were conditioned for another 2 days before 
measurements were taken. Wood specimens were tested 
with an Instron Tester (Model 4465; Canton, MA, USA) 
according to ASTM Standard Method D2339-98 [21] at a 
crosshead speed of 1.6 mm/min. Shear adhesion strength 
at maximum load was recorded; reported values are the 
average of four specimen measurements. Water resistance 
of the wood assemblies was measured following ASTM 
Standard Methods D1183-96 [22] and D1151-00 [23]. 
Six preconditioned specimens were soaked in tap water at 
23 °C for 48 h, and wet strength was tested immediately 
after soaking.

(2)Water resistance (%) =

[

(Wb −Wa)

Wb

]

× 100

Results and Discussion

Adhesion between soy protein and wood is attributed to a 
combination of three mechanisms: mechanical interlock-
ing, physical interaction, and covalent chemical bonding 
[24]. When applied to wood, protein adhesives spread, 
wet, and penetrate the wood surface, forming mechanical 
interlocking, physical interaction, and covalent bonding 
upon thermal curing to achieve a strong bond. Soy pro-
tein is composed of an array of polypeptides with different 
molecular sizes and could be partially cleaved or degraded 
by trypsin, which specifically hydrolyses carbonyl bonds 
formed by basic amino acids such as lysine and arginine 
[25]. In this work, trypsin was used to degrade the soy pro-
tein into smaller molecular size and expose more hydro-
phobic groups to the surface [3, 26]. GA was subsequently 
applied as a crosslinking agent to rebuild or reconstruct the 
structure of soy protein by increasing crosslinking density 
with large and interwoven polymers [27]. To navigate the 
effect of each variable (X1, X2, and X3) on three important 
responses (Y1, Y2, and Y3) of ESP, CCD was employed to 
build a regression model between the preparation variables 
and the three responses of ESP; results obtained from the 
experiments are listed in Table 2.

Model Fitting

For viscosity (Y1), a quadratic model was build and reduced 
with only statistically significant terms using backward 
elimination approach provided by Design Expert software. 
The coefficients of the parameter variables (X1, X2, and 
X3) for the viscosity (Y1) can be expressed by the follow-
ing second-order polynomial equation in terms of coded 
values:

A positive or negative coefficient indicates a synergis-
tic and antagonistic effect, respectively. The coefficient of 
the model for viscosity was estimated using the multiple 
regression analysis technique included in RSM. Adequate 
precision (AP) represents the signal-to-noise ratio, where a 
ratio greater than 4 is desirable. For Eq. (3), the R-squared 
(R2), predicted R-squared (Pred R2), adequate precision 
(AP), and standard deviation (SD) were 0.719, 0.664, 
12.399, and 0.34, respectively. These indicate that 71.9 % 
of the total variation in viscosity is attributed to the experi-
mental variables. The adequacy of the models was further 
justified through an ANOVA. Results from the ANOVA 
for the quadratic model for viscosity are listed in Table 3a. 
Corresponding variables are more significant at greater F 
and smaller p values. As shown in Table 3a, the F value of 
13.65 and p value of 0.0001 (less than 0.05) of the model 

(3)Y1 = 9.79− 1.74X1 + 0.26X2 − 1.97X1X2
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suggest that model terms are significant. Also, trypsin con-
centration (X1) and the interaction with incubation time 
(X1X2) significantly affected the viscosity, whereas the 
other term was insignificant to the response.

For tacky force (Y2), a quadratic model was built using 
the backward elimination approach provided by Design 
Expert software. The second-order polynomial equation of 

the parameter variables (X1, X2, and X3) for the tacky force 
(Y2) can be expressed by the following in terms of coded 
values:

For the tacky force model, the R2, Pred R2, AP, and SD 
were 0.662, 0.541, 6.275, and 0.15, respectively. As the 
results from ANOVA analysis summarized in Table 3b, an 
F value of 5.47 and a p value less than 0.0054 indicate that 
model terms are significant. In this case, trypsin concentra-
tion (X1

2) and GA concentration (X3) are significant model 
terms.

In addition, a quadratic model was built for water resist-
ance (Y3) based on the second-order polynomial equation 
of the parameter variables (X1, X2, and X3):

For the water resistance model, the R2, Pred R2, AP, 
and SD were 0.739, 0.587, 7.325, and 1.25, respectively. 
The model F value of 4.85 and p value less than 0.0500 
mean that model terms are significant; in particular, incu-
bation time (X2) significantly affected the water resistance 
of ESP. The regression models of three responses (Y1, Y2, 
and Y3) were greatly affected by three variable param-
eters (X1, X2, and X3), resulting from high R2. Despite the 
complexity of the system to be tested, three variables suc-
cessfully reflected the three responses based on statistical 
explanation.

Interpretation of Response Surface Model

To further investigate the effects of the three variables 
on the responses, the relationships between the variable 
parameters and responses are shown in Figs. 1, 3, and 4. To 
simplify the effects of variables on responses, three levels 
(−1, 0, and +1) of one variable are presented with another 
variable while maintaining the other variable at zero.

The effects of trypsin concentration (X1) and incubation 
time (X2) on viscosity (Y1) are shown in Fig. 1a. Viscosities 
increased with increased trypsin concentration (X1) at the 
early stage of hydrolysis (X2 = 3.23 h); however, at 6.50 h 
of incubation time (X2), viscosities increased up to trypsin 
concentration (X1) of 1.30 wt% but started to decrease with 
higher trypsin concentration (X1), and viscosities seemed 
to decrease with concentrations of whole trypsin (X1) after 
9.77 h of incubation time (X2). In general, reduced viscosity 
can provide evidence of proteolytic hydrolysis by confirm-
ing weaker intermolecular interaction and smaller polypep-
tide chains. The increased viscosities at a low concentration 

(4)
Y2 = 0.69− 0.036X1 + 0.14X3 − 0.11X1X3

+ 0.100X2

1
+ 0.075X2

3

(5)

Y3 = 4.24+ 0.58X1 − 1.43X2 + 0.83X3 − 1.00X2X3

− 0.34X2

1
+ 1.72X2

2
− 0.32X2

3

Table 3  Analysis of variance (ANOVA) for regression model for 
each response (A) viscosity, (B) tacky force, and (C) water resistance

Sum of squares Df Mean square F value p value

(A) Viscosity (Y1)

 Model 73.25 3 24.42 13.65 0.0001

  X1-Trypsin 
conc.

41.35 1 41.35 23.12 0.0002

  X2-Incuba-
tion time

0.92 1 0.92 0.51 0.4838

  X1X2 30.98 1 30.98 17.32 0.0007

 Residual 28.62 16 1.79

  Lack of fit 23.15 11 2.10 1.92 0.2433

  Pure error 5.47 5 1.09

 Correlation 
total

101.86 19

(B) Tacky force (Y2)

 Model 0.61 5 0.12 5.47 0.0054

  X1-Trypsin 
conc.

0.017 1 0.017 0.78 0.3931

  X3-GA conc. 0.29 1 0.29 12.72 0.0031

  X1X3 0.10 1 0.10 4.54 0.0512

  X1
2 0.14 1 0.14 6.45 0.0236

  X3
2 0.082 1 0.082 3.67 0.0760

 Residual 0.31 14 0.022

  Lack of fit 0.27 9 0.029 3.00 0.1193

  Pure error 0.049 5 9.812E−003

 Correlation 
total

0.93 19

(C) Water resistance (Y3)

 Model 99.46 7 14.21 4.85 0.0084

  X1-Trypsin 
conc.

4.65 1 4.65 1.59 0.2315

  X2-Incuba-
tion time

28.03 1 28.03 9.58 0.0093

  X3-GA conc. 9.47 1 9.47 3.23 0.0973

  X2X3 7.94 1 7.94 2.71 0.1256

  X1
2 1.71 1 1.71 0.58 0.4600

  X2
2 42.62 1 42.62 14.56 0.0025

  X3
2 1.48 1 1.48 0.51 0.4901

 Residual 35.13 12 2.93

  Lack of fit 28.00 7 4.00 2.81 0.1367

  Pure error 7.12 5 1.42

 Correlation 
total

134.59 19
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of trypsin (X1) and with short incubation time (X2) did not 
agree with previous findings [20].

For further investigation, reducing SDS-PAGE was 
performed to study the effects of low trypsin concentra-
tion and short incubation time on MSP hydrolysis, as 
shown in Fig. 2. For this purpose, only qualitative analy-
sis of SDS-PAGE was performed. At low trypsin concen-
tration (0.50 wt%), some molecular bands became darker 
and thicker after 3 h of incubation (Lane D), but became 
gradually lighter and disappeared after 6 h of incubation 
(Lanes E and F), particularly the bands of acidic and basic 
polypeptides. We believe this might be strongly related to 
the trypsin activity, depending on hydrolysis conditions. 
The reaction conditions of MSP were pH 4.6 and ambient 
temperature, which were far from the optimum conditions 
for trypsin activity of pH 8 and 37 °C [28, 29]. Adverse 
reaction conditions and low enzyme concentrations might 
cause low trypsin activity during the early stages of incu-
bation. MSP is in continuous and viscous phase with a 
latex texture and this may block the access of trypsin to the 

Fig. 1  The effects of three variables on viscosity. Three levels (−1, 
0, and +1) of a incubation times (X2) are presented with trypsin con-
centrations (X1), b trypsin concentrations (X1) are presented with GA 

concentrations (X3), and c GA concentrations (X3) were presented 
with incubation times (X2). The other variable was maintained at zero

Fig. 2  The molecular bands of reducing SDS-PAGE at 0.5 wt % 
trypsin concentration applied. The molecular weight standard (Lane 
A) and the molecular bands with 0, 1, 3, 6, and 12 h incubation time 
(Lanes B–F, respectively)

Fig. 3  The effects of three variables on tacky force. Three levels 
(−1, 0, and +1) of a incubation times (X2) are presented with trypsin 
concentrations (X1), b trypsin concentrations (X1) are presented with 

GA concentrations (X3), and c GA concentrations (X3) are presented 
with incubation time (X2). The other variable was maintained at zero
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hydrolysis site especially at the early incubation stages. We 
assume that the increased surface area of soy protein due 
to enzyme hydrolysis might lead to intermolecular inter-
actions at certain solid contents, thus increasing viscosity. 
Trypsin concentration (X1) above 1.30 wt% could start to 
hydrolyse soy protein in the early stages of incubation, pro-
viding reduced viscosity due to low molecular weight and 
cleaved molecular bands; however, the detailed hydrolysis 
mechanism needs to be investigated.

Viscosities increased as GA concentration (X3) increased 
at all trypsin concentrations (X1), as shown in Fig. 1b. The 
effects of GA concentration (X3) and incubation time (X2) 
on viscosity are shown in Fig. 1c. With different GA con-
centrations (X3), viscosities tended to increase up to 9.77 h 
of incubation time (X2), then decrease. Increased viscosities 
could be explained by the hydrolysis mechanism of trypsin 
on MSP, as mentioned earlier. At long incubation times 
(X2 > 9.77 h), however, viscosities decreased with GA con-
centration (X3). GA generally increases the crosslinking 
density of the protein polymeric matrix, and subsequently 
viscosity, but enzymatic degradation would lower viscosity. 
The crosslinking function of GA marginally affects viscos-
ity, which could be advantageous for adhesives in wetting 
and spreading on the wood surface.

The relationship of each variable to tacky force (Y2) is 
presented in Fig. 3. Tacky force decreased at low trypsin 
concentration (X1), but increased gradually at higher trypsin 
concentrations (X1) as shown in Fig. 3a. With higher trypsin 
concentration (X1) and longer incubation time (X2), cleaved 
soy proteins could expose more functional groups and con-
tribute to increased cohesion and adhesion at the interface 
between paper and the stainless steel substrate.

Tacky force increased with GA concentration (X3) as 
shown in Fig. 3b. Additional protein functional groups 
could interact with GA to form the entangled structure at 
the interface, leading to enhanced tacky force. Furthermore, 

GA concentration (X3) was significant, and incubation 
time (X2) had only a minor effect on tacky force as shown 
in Fig. 3c. Because tacky force indicates the ability of an 
adhesive to adhere to the substrate, it is highly depend-
ent on the polymer chains and the extent of crosslinking 
[30]. The enzymatic hydrolysis and subsequent crosslink-
ing by GA led to a structure with free protein polymers 
which were converted to larger constructions with the help 
of additional GA. Therefore, tacky force can be explained 
by a function of GA which is further expected to correlate 
with the shear adhesion performance.

The last response, water resistance (Y3), is presented 
in Fig. 4. Water resistance increased with incubation time 
(X2) and trypsin concentration (X1), as illustrated in Fig. 4a. 
Also, as trypsin concentration (X1) increased, we found 
slightly higher water resistance. As incubation time (X2) 
and trypsin concentration (X1) increased, hydrolyzed soy 
protein would have more functional groups available to 
form a higher degree of entanglement, which could contrib-
ute to better water resistance. As shown in Fig. 4b, water 
resistance improved with increased trypsin concentration 
(X1) and GA concentration (X3); furthermore, Fig. 4c shows 
that water resistance decrease at the beginning of hydroly-
sis but started to increase after 9.77 h of incubation time 
(X2). This result occurred because of the complex hydroly-
sis mechanism of trypsin on MSP as mentioned above.

Relationship between Three Responses and Shear 
Adhesion Properties

Based on the response value (low, medium, and high), nine 
experimental treatments of each response from Table 3 
were selected for adhesion strength measurement. Corre-
lations between each response (i.e. viscosity, tacky force, 
and water resistance) and adhesion strength were then 
established using a linear regression model (Table 4); the 

Fig. 4  The effects of three variables on water resistance. Three levels 
(−1, 0, and +1) of a incubation times (X2) are presented with trypsin 
concentrations (X1), b trypsin concentrations (X1) are presented with 

GA concentrations (X3), and c GA concentrations (X3) are presented 
with incubation times (X2). The other variable was maintained at zero
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coefficients of determination (R2) are presented in Figs. 5, 
6 and 7.

Viscosity

Viscosity can be dramatically affected by protein structure. 
For soy protein-based adhesives, viscosity is a result of 
intermolecular interactions, such as electrostatic interaction 
and disulfide bonding among protein molecules. Because 
viscosity, or flow property, governs the penetration and 

wetting of soy protein through the wood material, it could 
directly affect adhesion strength [31, 32]. To achieve strong 
adhesion, an appropriate penetration depth into wood cells 
or capillary pores is necessary to form a strong bond to the 
adherend.

The linear regression between viscosity and dry shear 
adhesion strength had an R2 value of 0.7678 and adjusted 
R2 value of 0.6880 with significance at the 95 % confidence 
level (as indicated by the filled circles in Fig. 5), which 
suggests that viscosity has a good correlation with dry 

Table 4  Experiments of each response (A) viscosity, (B) tacky force, and (C) water resistance and corresponding shear adhesion strengths

(A) Viscosity

Run number Trypsin concentration 
(X1, wt%)

Incubation time (X2, 
h)

Glutaraldehyde con-
centration (X3, wt%)

Viscosity (Y1, Pa s) Dry strength (MPa) Wet strength (MPa)

1 0.50 6.50 0.50 6.32 ± 0.14 3.31 ± 0.37 1.22 ± 0.39

2 1.25 6.50 0.50 8.11 ± 0.35 2.63 ± 0.03 1.48 ± 0.40

7 1.25 6.50 0.50 8.48 ± 0.43 2.81 ± 0.26 1.60 ± 0.40

8 0.80 9.77 0.20 10.21 ± 0.19 2.05 ± 0.26 1.12 ± 0.24

9 0.80 3.23 0.80 6.99 ± 0.22 3.71 ± 0.28 2.38 ± 0.33

11 1.25 6.50 0.00 7.32 ± 0.18 3.32 ± 0.25 0.54 ± 0.37

17 1.70 3.23 0.20 8.08 ± 0.10 2.39 ± 0.29 1.27 ± 0.28

18 1.25 6.50 1.00 7.44 ± 0.11 3.33 ± 0.41 1.61 ± 0.13

20 2.00 6.50 0.50 6.15 ± 0.20 4.37 ± 0.19 0.80 ± 0.28

(B) Tacky force

Run number Trypsin concentration 
(X1, wt%)

Incubation time (X2, 
h)

Glutaraldehyde con-
centration (X3, wt%)

Tacky force (Y2, %) Dry strength (MPa) Wet strength (MPa)

8 0.80 9.77 0.20 0.68 ± 0.07 2.05 ± 0.26 1.12 ± 0.24

9 0.80 2.32 0.80 1.28 ± 0.23 3.71 ± 0.28 2.38 ± 0.33

13 1.25 1.00 0.50 0.83 ± 0.24 2.39 ± 0.27 2.11 ± 0.29

12 0.80 3.23 0.20 0.69 ± 0.04 3.58 ± 0.19 1.58 ± 0.20

2 1.25 6.50 0.50 0.63 ± 0.05 2.63 ± 0.03 1.48 ± 0.40

18 1.25 6.50 1.00 0.96 ± 0.12 3.33 ± 0.41 1.61 ± 0.13

7 1.25 6.50 0.50 0.70 ± 0.05 2.81 ± 0.26 1.60 ± 0.40

14 0.80 9.77 0.80 1.30 ± 0.06 3.71 ± 0.04 2.03 ± 0.25

16 1.70 9.77 0.20 0.86 ± 0.24 1.97 ± 0.30 1.66 ± 0.38

(C) Water resistance

Run number Trypsin concentration 
(X1, wt%)

Incubation time (X2, 
h)

Glutaraldehyde con-
centration (X3, wt%)

Water resistance 
(Y3, %)

Dry strength (MPa) Wet strength (MPa)

1 0.50 6.50 0.50 1.60 ± 0.44 3.31 ± 0.37 1.22 ± 0.39

3 1.70 3.23 0.80 9.03 ± 0.81 5.61 ± 0.05 1.97 ± 0.38

5 1.25 6.50 0.50 5.98 ± 0.38 4.30 ± 0.37 2.02 ± 0.15

9 0.80 3.23 0.80 8.02 ± 0.97 3.71 ± 0.28 2.38 ± 0.33

17 1.70 3.23 0.20 3.83 ± 0.51 2.39 ± 0.29 1.27 ± 0.28

2 1.25 6.50 0.50 4.12 ± 0.02 2.63 ± 0.03 1.48 ± 0.40

18 1.25 6.50 1.00 2.90 ± 0.24 3.33 ± 0.41 1.61 ± 0.13

7 1.25 6.50 0.50 4.37 ± 0.86 2.81 ± 0.26 1.60 ± 0.40

14 0.80 9.77 0.80 5.38 ± 0.72 3.71 ± 0.04 2.03 ± 0.25
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strength. Adhesion decreased as viscosity increased up to 
10.5 Pa s. As explained in the previous section, viscosity 
was significantly affected by trypsin concentration (X1) and 
the interaction between trypsin concentration and incuba-
tion time (X1X2). Enzymatic hydrolysis causes a reduction 
in molecular size and intermolecular interactions, result-
ing in lower viscosity, which could play an important role 
in wettability and penetration of protein molecules to an 
appropriate depth in the wood surface. For adhesives with 
higher viscosity, molecular attractions among protein mol-
ecules would be stronger, which would result in a shallower 
penetration due to the greater restriction caused by molecu-
lar attraction. Also, adhesives with too low viscosity would 
lead to poor adhesion quality due to excessive absorption 
into the wood substrate and further cause bond line star-
vation. Cheng et al. demonstrated the different penetra-
tion depths for adhesives with different viscosities by col-
lecting scanning electron microscopy (SEM) images [32]. 
They showed that the one with low viscosity can penetrate 
deeper due to less restriction of protein molecules and that 
this could cause the lack of protein molecules on the wood 

surface, resulting in poor adhesion strength. On the other 
hand, adhesives with moderate viscosity from progressive 
proteolytic hydrolysis could penetrate deeper than those 
with a higher viscosity and eventually develop a much 
stronger three-dimensional zone at the interface. Upon cur-
ing, the soy protein molecules were entangled and cured 
in this three-dimensional zone, contributing to mechanical 
interlocking.

To determine the optimum viscosity range for process-
ing parameters, the ESP with low viscosity were prepared 
with higher trypsin concentrations (3 %) and longer incu-
bation times (12, 24, 48, and 72 h). The viscosities (3.486, 
2.865, 2.249, and 2.127 Pa s, respectively) were decreased 
due to prolonged hydrolysis time as presented with empty 
circles in Fig. 5a, and had a R2 of 0.8847 using linear 
regression. The overall R2 value was also calculated using 
all viscosities with cubic nonlinear regression and is pre-
sented in Fig. 5a. The dry strength seemed consistent with 
the viscosity range from 2.80 to 6.10 Pa s, which can lead 
to fairly stable and good adhesion performance with wood 
substrates. On the other hand, the linear regression model 

Fig. 5  The regression model between viscosity and dry strength (a) 
and wet strength (b)

Fig. 6  The regression model between tacky force and dry strength 
(a) and wet strength (b)
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between viscosity and wet strength was very low, with a 
R2 value of 0.0011 and an adjusted R2 value of 0.0007, as 
shown in Fig. 5b. Crosslinking agents play an important 
role in the formation of interwoven and entangled struc-
ture, which could be used as a water barrier to improve the 
wet adhesion of the soy protein [24, 33, 34]. Because GA 
increases the crosslinking density in this soy protein sys-
tem, it would be more related to wet adhesion strength, 
but viscosity was statistically reflected by the interaction 
between trypsin concentration and incubation time (X1X2) 
and the trypsin concentration (X1) rather than GA concen-
tration (X3). Therefore, GA may not significantly affect vis-
cosity compared with trypsin concentration (X1) and incu-
bation time (X2).

Tacky Force

The bonding mechanism involves comprehensive under-
standing of simultaneous cohesion (the internal strength 
among protein molecules) and adhesion (the tendency of 

the protein molecule to stick to a wood surface) [35]. The 
loop tack test could be an easy way to evaluate the cohe-
sion and adhesion properties of polymer adhesives, particu-
larly pressure-sensitive adhesives. Although this method 
is generally limited to bonding strength at the interface, in 
this study it is used as a simple method to predict the adhe-
sion strength of soy protein-based adhesives. The thick-
ness of protein-based adhesives on paper was thin enough 
to be cured on a stainless steel substrate surface with a 
short dwelling time (30 s), and all the failure occurred at 
the paper–protein interface. Thus, we could expect simi-
lar adhesion and cohesion between protein molecules and 
wood materials. Paper is a cellulosic material like wood. 
The bonding mechanism, including wetting, penetration, 
and mechanical interlocking, could occur at the interface 
between paper and a stainless steel substrate surface.

As presented in Fig. 6, the linear regression model 
between tack force and dry and wet strength was built with 
R2 values of 0.3660 and 0.7082 and adjusted R2 values of 
0.2754 and 0.6082, with significance at the 95 % confi-
dence level, respectively. Tacky force is positively related 
to wet strength based on R2 values. The tacky force was sig-
nificantly affected by GA concentration (X3), as confirmed 
by ANOVA analysis in Table 3c. As discussed earlier, GA 
plays an important role in determining the wet strength by 
building an entangled structure as a water barrier. Accord-
ingly, the tacky force could be an indicator to explain 
wet strength. Soy protein is a thermosetting polymer and 
becomes harder with crosslinking reactions and drying at 
elevated temperatures. Curing conditions in this loop tack 
test differed in temperature and pressure from wood tests, 
which might lead to different adhesion phenomena of pro-
tein molecules between paper and stainless steel substrate; 
however, the loop tack test can be used as a good predictor 
of adhesion strength based on results of the high correlation 
between tacky force and dry/wet strength.

Water Resistance

Upon curing at high temperatures, soy protein could make 
an entangled three-dimensional zone between protein mol-
ecules and glass surface. Measuring the protein solubility 
into water of the cured protein film allows water resistance 
to be used to predict wet adhesion strength. Wet adhesion 
performance is an important property to determine the 
resistance to moisture of the soy protein-based adhesive, 
which will help expand its applications in the wood prod-
uct market for structural and exterior wood products. As 
shown in Fig. 7, dry and wet strength were well correlated 
to the water resistance of thin protein film, with R2 values 
of 0.5257 and 0.6930 and adjusted R2 values of 0.4759 and 
0.6491, with significance at the 95 % confidence level, 
respectively. This method of determining water resistance 

Fig. 7  The regression model between water resistance and dry 
strength (a) and wet strength (b)
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can be used to predict wet adhesion strength because it 
directly measures the soluble protein molecules which 
are not highly crosslinked in the protein network. A less 
crosslinked state in the protein network would be easily 
loosened and dissolved in the water leading to poorer wet 
adhesion strength.

Conclusion

This work has shown the potential to correlate important 
physical properties and shear adhesion strengths of protein-
based adhesives. Viscosity was successfully reflected by 
parameter variables and showed a good correlation with 
dry shear strength. Tacky force was a good indicator of wet 
shear adhesion strength, which was significantly reflected 
by cohesion and adhesion phenomena between the paper 
and stainless steel substrates. Water resistance can be used 
to predict wet adhesion strength based on its good relation-
ship with wet adhesion strength. The crosslinking degree 
plays an important role in developing entangled three-
dimensional zones, which can be used as a water barrier 
then as a predictor of wet adhesion strength. This work pre-
liminarily identified the most significant physical properties 
that can explain and predict the shear adhesion strength of 
an enzymatically modified soy protein-based adhesive sys-
tem, but the results need to be further confirmed by another 
protein modification system in order to give a generic con-
clusion. Different modifiers such as denaturing reagents 
and crosslinking chemicals will be further investigated 
to identify the correlation between physical and adhesion 
properties.
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