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ABSTRACT: Alternative biobased adhesive formulations are currently being investigated to replace urea-formaldehyde (UF) as
wood panel adhesives. In this regard, oilseed meals are valuable alternatives, as it is anticipated that the sticky potential of these meals
is linked to their protein content. This work focuses on the protein parameters (primary and/or secondary structures) that could
impact the adhesiveness of sunflower meals. The proteins contained in these meals were first separated from the other components
and identified using electrophoresis. Oilseed meals contain several families of proteins: globulins, albumins, prolamins, and oleosins.
Sunflower meal is mainly composed of globulin (53%) and albumin (45%). The protein structures have then been either oxidized
with H2O2 (in the presence or not of NaOH) or physically treated by microwave (MW). The oxidation treatment cleaves the
protein backbone and creates smaller peptides, while the MW process converts α-helices into random coils. The adhesive potential
of these treated proteins was evaluated by using shear tests onto wood panels. The results demonstrate that the primary and
secondary structures of globulins are key parameters toward the sunflower protein meal adhesivity.

1. INTRODUCTION
The wood adhesive industrial sector is a huge market with a
panel production of 63.7 million m3 in Europe, according to
the European Panel Federation. This growth has led to an
increase in the consumption of adhesives and more specifically
of urea-formaldehyde (UF), which is widely used in the
process of making wood panels.1 UF adhesive has many
advantages suitable for the wood industry, including fluidity at
room temperature, good penetration into the wood, simplicity
of use, and fast curing.2,3 However, in 2004, formaldehyde was
classified as a carcinogenic volatile organic compound (VOC)
by the International Agency for Research on Cancer (IARC).4

Since this warning, some standards have emerged to limit
formaldehyde emission in the home. For example, in Europe,
wood panels of class E1 must comply with the standard NF EN
717, which requires a concentration limit of formaldehyde in
the air of 0.124 mg/m3, or less than 8 mg of formaldehyde per
100 g of dry panels.5 Biobased adhesive substitutes, such as
plant-based adhesives, have been developed to conform to
these new standards. Adhesives based on oilseed meals from
cotton,6 soybean,7,8 and rapeseed9 have already been

described. It is accepted that the protein content of these
oilseed meals is responsible for their adhesivity.10 However,
some studies have discussed the adhesive potential of globulin
which is a major protein in soybean meal.11,12 The globulin
family is a 320−375 kDa protein with a hexameric structure
and is composed of three subunits from 70 to 50 kDa. This
protein is also highly conformed with β sheet barrels and some
α helices.13 Mo et al.11 and Zhang and Hua12 have shown that
the adhesive properties of globulins could be linked to their
structure, especially to the β sheet structure, to the amino acid
functions (hydroxyl, amino, thiol), and to the protein chain
length. These structural changes in proteins can also lead to a
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reduction in viscosity and an improvement in adhesive
performance.14,15

Globulin is a main protein component of sunflower
meal,16,17 which is an available oilseed crop in Europe (14.4
million tons according to FAO), on par with rapeseed (14.3
million tons) and soybean meals (17.7 million tons). The
wood adhesive potential of sunflower meals has been recently
evaluated by Evertree company, which commercializes sun-
flower meal for formaldehyde-free wood adhesives, through the
products Green Boost and Green Ultimate.18

The objective of this study is to further investigate the
adhesive potential of sunflower meals and, in particular, to
better understand the specific role of globulin in the adhesive
activity. The purpose of this work is to examine the influence
of the primary and secondary structural parameters of globulin
on the adhesive properties of sunflower globulin extracts (SF).
For that, the primary and secondary structures of the globulin
were modified by oxidation and microwave (MV) irradiation.
Usually, these treatments are used to modulate the
extractability19 and digestibility20 of oilseed meal proteins. In
this study, the primary and secondary structures obtained after
treatments were characterized by electrophoresis, circular
dichroism (CD), and Fourier transform infrared (FTIR)
spectroscopy, to evaluate the structural changes and the
impact on adhesive features. The adhesive potential of such
modified SF samples was then evaluated using shear tests onto
wood samples and compared to UF and soybean protein
adhesive standards.

2. MATERIALS AND METHODS
2.1. Protein Extract and Treatments. 2.1.1. Sunflower

Protein Extraction. Crushed sunflower meal supplied by Avril
(France) was used to get sunflower globulin extract (SF). The
protein was extracted following the isoelectric point (pI)
precipitation.21,22 Sunflower meal was dispersed in an alkaline
solution (NaOH 3 M) and then incubated for 1 h at 42 °C
under stirring. The suspension was centrifuged for 20 min at
10,000g and 20 °C. The supernatant was kept, and the pellet
was once more dispersed with the alkaline solution, incubated,
and centrifuged. All of the supernatants were combined, and
the pH was adjusted at 4.5 with HCl 2 M. To recover all of the
extracted proteins, they were centrifuged for 15 min at 10,000g
and 20 °C. The protein pellet was recovered and washed few
times with distilled water until a neutral pH. Finally, the
sunflower meal globulin extract (SF) was lyophilized to obtain
a protein powder.
The soybean proteins used as controls in this study

underwent the same extraction treatment as that for the
sunflower proteins.
2.1.2. SF Treatments. SF was treated by oxidation using

hydrogen peroxide (H2O2). The following protocol was based
on the Mehats et al. procedure (2015).23 A volume of distilled
water (mass equal to 20 times the mass of SF previously
weighed) was deposited in a balloon, with 1 wt % NaOH and
0.4 wt % sodium metasilicate. The balloon was placed in an oil
bath under stirring. When the solution temperature reached 60
°C, 4 vol % of aqueous solution of H2O2 (35 wt % from Acros
Organics) was added with SF. After 1 h, the reaction was
neutralized at pH 7 and then lyophilized.
SF was also irradiated with microwaves (MW). SF was

dispersed at 20 wt % in distilled water. Different powers (50,
100, 200, and 300 W) and processing times (30 s, 1 min, 5

min, 15 min, and 30 min) were tested with a microwave
reactor (Discover from CEM).

All of the SF-treated samples were named as follows (Table
1):

2.2. Electrophoresis Analysis (SDS-PAGE). SF samples
(10 mg/mL) were dissolved in Tris-HCl 0.1 M pH 8, SDS 5
wt/vol % buffer and centrifuged for 2 min at 2000g and 20 °C.
The supernatant was combined with Laemmli 2× solution
(Biorad). The samples were heated at 90 °C for 3 min and
cooled at room temperature. Once the samples prepared, 10
μL was loaded on the electrophoresis gel SDS-PAGE (BioRad
MiniPROTEAN TGX, untinted, gradient 4−20%). A molec-
ular weight marker (BioRad Precision Plus Protein Unstained
Standards) from 10 to 250 kDa was also loaded for each
experiment. Samples deposited on the gel are migrated using
BioRad MiniPROTEAN Tetra System apparatus at 300 mV,
25 mA/gel, and 50 min, with Tris/Glycine/SDS buffer
(BioRad 10× TGS) as a migration solvent. The gels were
washed and revealed with the BioRad GelDoc EZ Imager and
analyzed with BioRad software.

2.3. Circular Dichroism (CD). Solutions of SF were
prepared in distilled water at a concentration of 0.1 mg/mL.
Data were collected at 20 °C using a Jasco J-815 spectrometer
with a 10 mm path length quartz cell, a 200 nm/min scan rate,
and a 2 nm bandwidth. The spectra were made in triplicate
from 180 to 400 nm. The spectrum of water is used as a blank
and subtracted for each spectrum to achieve corrected analysis.
The data were analyzed with Spectra Manager. The CD
spectra presented in the manuscript do not show the
absorbance spectrum; the full CD spectra are presented in
the Supporting Information (SI).

2.4. Infrared Spectroscopy. Fourier Transform Infrared
(FTIR) spectroscopic data were collected with a Vertex 70
spectrometer (Bruker). The dried samples were analyzed by
ATR and triplicate spectra were obtained from 64 scans, with a
resolution of 4 cm−1, in the range 400−4000 cm−1.

2.5. Shear Test. 2.5.1. Adhesive Preparation. SF and
treated SF were formulated with distilled water at 20 wt/wt %.
The formulations were stirred for 8 h at room temperature. 30
mg of the adhesive formulation was applied to a surface of 325

Table 1. Abbreviations of Treated SF Samples

treatment abbreviation

H2O2/NaOH H2O2 0% NaOH 1% SF 0−1
H2O2 0.5% NaOH 1% SF 0.5−1
H2O2 1% NaOH 1% SF 1−1
H2O2 2% NaOH 1% SF 2−1
H2O2 4% NaOH 1% SF 4−1

H2O2 H2O2 0.5% SF 0.5
H2O2 1% SF 1
H2O2 2% SF 2
H2O2 4% SF 4

microwave (MW) 50 W 30 s SF 50−30
100 W 30 s SF 100−30
150 W 30 s SF 150−30
200 W 30 s SF 200−30
300 W 30 s SF 300−30
300 W 1 min SF 300−1
300 W 3 min SF 300−3
300 W 5 min SF 300−5
300 W 10 min SF 300−10
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mm2 on oak veneer. The 1.5 mm thick veneers used were cut
from the fiber into 100 mm × 25 mm test pieces (Figure 1),

before the adhesive application. The adhesive was applied to
one of the two veneers used per sample. Once the adhesive was
applied, between three and five samples were placed between
sheets of aluminum foil, on a manual press (Darragon) at 110
°C, 10 bar, and a range of time between 10 and 60 s. The
samples were then placed in an oven for 24 h, at 25 °C and
23% humidity.
2.5.2. Shear Test. The traction bench Synergie 400 (MTS)

with a 2 kN detector and 1 mm/min traction speed was used
to determine the adhesive strength. The data collected
correspond to the maximal strength measured at sample
breakage.

3. RESULTS AND DISCUSSION
The objective of the study is to evaluate the globulin
parameters responsible for the adhesive properties of sunflower
meal. For that, the primary and secondary structures of
sunflower globulin extract (SF) were modified thanks to two
types of treatment. The first one is chemical with two
variations. SF was either treated with H2O2 and NaOH or with

H2O2 only without NaOH. The second type of treatment is
physical, with the use of microwave irradiations (MW) on SF.
The effects of these treatments on the SF primary structure
were characterized by electrophoresis (SDS-PAGE). Then the
impact of the treatments on the secondary structure was
studied by circular dichroism (CD) and infrared (FTIR).
Finally, the influence of these treatments on the SF adhesivity
was evaluated by shear tests and compared with the adhesive
profiles of urea-formaldehyde (UF) and soybean meal proteins.

3.1. Electrophoresis Analysis. Electrophoresis analysis is
an analytical technique used in biochemical research that
determines the proteins present in a mixture. The conditions of
this analysis separate the different subunits constituting a
protein with respect to their molecular weight, allowing them
to be identified.

The electrophoresis pattern of SF treated with H2O2 and
NaOH is presented in Figure 2a, and the electrophoresis
pattern of SF only treated with H2O2 is presented in Figure 2b.
For these two treatments, H2O2 was used at different
concentrations: 0.5, 1, 2, and 4 vol %.

The SF globulin subunits are visible at 60 and 50 kDa16,24

(Figure 2). The oxidation treatment of SF at different H2O2
concentrations and in the presence of NaOH revealed spots
between 25 and 10 kDa (Figure 2a). The molecular weight of
SF proteins decreases with increasing H2O2 concentration
(Figure 2a), indicating that H2O2 could cleave the peptide
bonds, thus leading to smaller peptides (between 25 and 10
kDa). However, the presence of NaOH to facilitate protein
solubilization may also cause the cleavage of peptide bonds in
addition to the denaturation of the protein structure, as
frequently discussed in the literature.25 The control treatment
containing 1 wt % NaOH, without H2O2, produced bands,
ranging in size from 25 to 10 kDa, which clearly confirms that
soda cleaves the proteins (Figure 2a).

In order to confirm that H2O2 alone could alter the protein
structure, some H2O2 treatments were performed without
NaOH (Figure 2b).

Figure 1. Wood veneer shear test specimen assembly procedure.

Figure 2. SDS-PAGE electrophoresis characterization of SF treated with different concentrations of H2O2 with (a) and without (b) NaOH.
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Once SF samples were treated with 0.5 vol % H2O2, three
new bands were observed on the electrophoretic profile; two of
these bands are about 30 kDa and one at 20 kDa (Figure 2b).
Moreover, the band at 20 kDa becomes stronger and the one
at 50 kDa weaker, as the concentration of H2O2 rises. These

results demonstrate that H2O2 could cleave proteins up to a
molecular weight of 20 kDa while the H2O2/NaOH treatment
generates peptides with a molecular weight of 10−15 kDa.

The effect of protein cleavage by H2O2 treatment was also
observed by El-Kadiri et al., on rapeseed meal proteins.19 The

Figure 3. Proposed mechanisms for H2O2 peptide bond cleavage are based on several mechanisms. Adapted with permission from Papuc, C.;
Goran, G. V.; Predescu, C. N.; Nicorescu, V. Mechanisms of oxidative processes in meat and toxicity induced by postprandial degradation
products: a review. Comp Rev Food Sci FoodSafe 2017, 16 (1), 96−123. doi: 10.1111/1541-4337.12241. Copyright 2017 Comp Rev Food Sci Food
Safe.
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hydrogen peroxide activity could involve several mechanisms.
In this study, peptide bond cleavage is linked to the presence of
H2O2 and enhanced by the presence of NaOH.
Some studies identify few action modes of H2O2 on peptide

bond.26−30 First, the Fenton reaction is emphasized, due to its
ability to induce the production of hydroxyl radicals31 (Figure
3a, Step 1). Meal in the presence of H2O2 could initiate this
reaction because oilseed meal contains iron residues.32

The hydroxyl radicals (•OH) could react with amino acids.30

Stadtman and Levine30 state that •OH is capable of
transferring an α hydrogen from the peptide bond, resulting
in the creation of a radical with a carbon center and possibly a
cleavage of the peptide bond (Figure 3a, Step 2a). The peroxyl
radical form of the protein can also trap hydrogen from a
nearby protein to create a hydroperoxylated protein (Figure 3a,
Step 2b). If iron is still present in the system, a redox process
could take place with the hydroperoxylated protein to produce
an alkoxy radical (Figure 3a, Step 2b). Finally, the rearrange-
ment could lead to the rupture of the peptide bond (Figure 3a,
Step 2b).26−28

As described earlier, this phenomenon of peptide bond
breaking is amplified by the presence of NaOH (Figure 2).
The pH increases to 11−12 under these conditions, making
the Fenton reaction less favorable to produce radical species.
Therefore, at high pH values, hydroperoxide ion (HO2

−) is the
active species of H2O2 (Figure 3b, Step 1).33,34 Because of its
strong nucleophilicity, the hydroperoxide ion has the potential
to cause protein cleavage as proposed in the reaction scheme
shown in Figure 3b, Step 2.
In addition, these alkaline conditions also uncoil the proteins

and increase the protein solubility in the reaction system.
Peptide bond accessibility to H2O2 would increase, accelerat-
ing protein cleavage. These hypotheses could explain the
observed reduction of protein molecular weight on electro-
phoresis after H2O2 treatment.
Then SF treated with microwave (MW) was characterized

by electrophoresis (Figure 4). SF samples were exposed for 30
s, 1 min, 3 min, 5 min, and 10 min, at different powers (50,
100, 150, 200, and 300 W).

SF proteins were distinguished by the bands at 100, 50, 30,
and 20 kDa, corresponding to their subunits16,24 (Figure 4a).
Whatever the power used, the visible bands for SF MW match
those of the unirradiated SF (Figure 4a). This result suggests
that protein cleavage would not be induced by applying
microwave radiation for 30 s (Figure 4a).

The SF samples were irradiated at the highest power (300
W) and at different times (1, 3, 5, and 10 min) (Figure 4b).
Again, the irradiated sample showed no difference compared to
that of untreated samples. Therefore, the MW treatment time
could not induce molecular weight changes on SF.

For the SF MW, it could be concluded that the application
of microwave does not cause any alterations to the primary
structure of SF proteins. Similar results concerning microwave
irradiation on oilseed proteins�such as those from soy and
rapeseed�as well as gluten, have been documented in the
literature.20,35−37 Their electrophoretic analyses also revealed
unchanged molecular weight. However, after treatment at 100
W, Xiang et al. showed, by FTIR analysis, protein secondary
structure modifications. An increase in the fraction of α helices
and β turns, against a decrease in β-sheets and random coil was
observed.37 The authors proposed that microwaves only affect
proteins at the secondary structural level, which could create
isopeptide bonds or disulfide bridges.20,36,37

Based on these findings, the analyses of the secondary
structure of SF and SF treated chemically and physically have
been done by circular dichroism (CD) and infrared spectros-
copy (FTIR).

3.2. Secondary Structure Analysis by CD and FTIR.
3.2.1. CD Analysis. Reference CD spectra of secondary
structures (α-helices, β-sheets, β-turns, and irregular struc-
tures) were recorded to interpret CD analyses.38−40 The
typical spectrum of α-helices shows two minimum peaks at 222
and 208 nm and a maximum peak at 193 nm. Antiparallel β-
sheets have a minimum peak at 218 nm and a maximum peak
at 195 nm. Finally, proteins with random structure exhibit low
ellipticity, reaching a maximum at 210 nm and a minimum at
195 nm.38,40

Figure 4. SDS-PAGE electrophoresis characterization of MWs treated SF samples, at a constant time of 30 s (a) and at a constant power of 300 W
(b).
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The CD spectra recorded for SF, SF H2O2/NaOH, and SF
H2O2 are gathered in Figure 5a.
The SF spectrum showed a high peak at 193 nm and two

minimum peaks at 225 and 209 nm (Figure 5a) in agreement
with a structure mostly made up of α-helices. Nevertheless, the
low definition observed between the two minor peaks must be
associated with the existence of β-sheets. The spectrum pattern
found for SF is comparable to the one found in the structural
analysis of sunflower globulin by Gonzaĺez-Peŕez et al.41

Figure 5a presents the CD spectra of SF treated with H2O2
and NaOH. The SF 0−1 spectrum showed that the lowest
peak at 209 nm has become deeper. The SF 1−1, SF 2−1, and
SF 4−1 show the same structural spectra, with a deep peak at
209 nm. With an increase in H2O2 concentration, this minimal
peak becomes more intense (Figure 5a).
The structural profiles of SF samples that were exclusively

exposed to H2O2 were also examined (Figure 5b). The SF 1
and SF 2 samples exhibit a peak at 205 nm that is less intense
than that at 209 nm of SF. However, SF 4 reveals two distinct
minimal peaks, at 227 and 205 nm, which are more intense
(Figure 5). This structural pattern is similar to that in Figure
5a.
Consistent with electrophoresis analysis (Figure 2), these

investigations have shown that H2O2/NaOH treatments could
produce structural changes in the SF secondary structures.
This spectral pattern has also been documented in the
literature, displaying a peak at 209 nm deeper than that at
225 nm.42,43 Marullo et al.43 have shown a link between the
peptide size and secondary structure modifications. In fact, the
smallest peptides have revealed random structures combined
with some α-helices, and the α-helices fraction increases with
the peptide chain length.43 According to the authors, H2O2
treatments induce a modification of protein α helices toward
random coils.
In addition, the H2O2 treatment without NaOH also showed

a peak at 205 nm that was deeper than that at 225 nm for high
H2O2 concentrations (Figure 5b, SF 4). These results show
that H2O2 alone could also create protein structural
modifications to random structures.42,43 Moreover, SF 4 has

shown the intensification of this peak at 205 nm (Figure 5b),
which is linked to the cleavage observed in the electrophoresis
analysis of the SF 4 sample (Figure 2b).

Therefore, an increase of H2O2 concentration amplified the
structural alterations induced by the H2O2/NaOH oxidative
treatment, leading to a random coil.

The CD spectra of SF samples treated with microwaves
(MW) are presented in Figure 6. SF 50−30 exhibits a
minimum peak at 230 nm and a maximum one at 203 nm
(Figure 6). This spectral pattern has a low intensity and is
difficult to analyze. Its spectral pattern differs from typical CD
spectra from the literature and does not correspond to any

Figure 5. Circular dichroism characterization of SF and SF samples treated with H2O2 in the presence of NaOH (a) and treated with H2O2 in the
absence of NaOH (b). The full CD spectra are shown in the Supporting Information (Figure S1).

Figure 6. Circular dichroism secondary structure analysis of SF and
microwave-treated SF samples. The full CD spectra are shown in the
Supporting Information (Figure S2).
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known structural combination. We anticipate that solubiliza-
tion issues can explain this structural profile.
SF 300−30 exhibits a distinct profile, with only two minimal

peaks at 227 and 204 nm (Figure 6). This spectrum pattern
has similarities with the ones of SF H2O2/NaOH samples,
wherein α-helices are denaturated toward random coil. SF
300−10 has a minimum peak at 210 nm, a maximum one at
193 nm and a loss of the minimum peak at 225 nm (Figure 6),
in agreement with a random structural profile. Consequently,
the MW treatment time would accelerate the SF secondary
structural modifications.
These microwave treatments produce structural changes

toward random coils without altering the primary structure of
the SF proteins; the degree of these changes varies according
to the power and time of the MW treatment.
3.2.2. FTIR Analysis. FTIR analyses were performed to

characterize sunflower protein extract (SF), SF treated with
H2O2/NaOH (SF1−1), and SF only treated with H2O2 (SF 1)
(Figure 7). The absorption bands of amides I (from 1700 to

1600 cm−1) and II (from 1600 to 1500 cm−1) were specially
analyzed. These bands are associated with the stretching of the
C�O bond of the amide groups (amide I) and with the
bending of the N−H ones (amide II). Amide III (from 1300 to
1200 cm−1) is characteristic of the stretching vibrations of the
N−H bonds in the plane and of the C−N bond. These bands
are then representative of α-helices, β-sheets, and random
coils.44−46

Bands at 1632 cm−1 for amides I, at 1515 cm−1 for amides II
and at 1233 cm−1 for amides III were visible on the FTIR
spectra of SF (Figure 7). These results confirm the presence of
β-sheets in SF proteins, which are barely visible on the CD
spectrum (Figure 5). The FTIR spectrum of SF 1 exhibits
bands at 1641, 1544, and 1237 cm−1, which are consistent with
β-sheets signature. The FTIR spectrum of SF 1−1 displays
bands at 1641 cm−1 for amides I and at 1237 cm−1 for amides
III, in agreement with the presence of β-sheets.
These FTIR spectra have shown the β sheets conservation of

SF treated with H2O2/NaOH and SF only treated with H2O2.

Meanwhile, circular dichroism (CD) analysis indicates that
such treatments promote a modification of α-helices toward
random coils (Figure 5). The combination of FTIR and CD
studies permits one to show that H2O2/NaOH and H2O2
treatments have modified the α helices into random coils but
have not damaged the β sheets structures of SF.
SF 50−30 (MW treatment) (Figure 8) exhibits a band at

1625 cm−1 for amides I, at 1533 cm−1 for amides II, and at

1237 cm−1 for amides III. These bands would correspond to a
structure close to the one of the SF reference, mainly
composed of β-sheets (Figure 8), suggesting that MW
treatment could not affect β-sheets.

Electrophoretic characterizations have suggested that micro-
wave treatments have no effect on the primary structure of SF
proteins. On the other hand, microwave treatments would
preferentially change α-helices toward random coil, according
to structural investigations by CD (Figure 6). Finally, FTIR
characterization has shown no β-sheet damage (Figure 8).

All of these structural analyses (electrophoresis, CD, and
FTIR), permit the evaluation of the influence of H2O2/NaOH,
H2O2, and MW treatments on the primary and secondary
structures of SF. H2O2/NaOH and H2O2 treatments are
responsible for cleaving SF peptide bonds, yielding smaller
peptides. These same treatments have also shown the
modification of α helices into random coils while preserving
the β sheets. The MW treatments conserved the primary
structure and β sheets secondary structures of SF, but
nevertheless damaged the α helices into random coils.

For the last part, the adhesive properties of SF, SF H2O2/
NaOH, SF H2O2, and SF MW were investigated to evaluate
the structural modifications on adhesivity properties.

3.3. Adhesive Behavior Analysis by Shear Strength.
Shear tests were performed on sunflower globulin extract (SF)
and SF that were chemically and physically treated. For each
type of treatment, three wood samples have been made and
evaluated by shear test.

Figure 7. FTIR characterization of SF and H2O2-treated SF samples.

Figure 8. Analysis of secondary structures by FTIR, SF, and
microwave-treated SF samples.
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First, the SF adhesive properties have been compared to the
adhesive profiles of urea-formaldehyde (UF) and soybean meal
protein (Figure 9). UF has displayed a breaking force of 1.3
MPa for 10 s of pressing, rising to around 3 MPa for 30−60 s
of pressing.

Soybean meal protein has shown a breaking strength at 1.4
MPa for 10 s of pressing. Like the UF adhesive profile, the
breaking force of the soybean meal protein rose to a plateau
around 2.4 MPa for 30−60 s of pressing. Then, the SF has
shown a breaking strength at 1.5 MPa for 10 s of pressing and
has reached a plateau around 2.4 MPa from 30 to 60 s of
pressing (Figure 9). These results show that SF and soybean
meal protein have the same adhesive potential. Moreover,
these two protein extracts revealed adhesive performances that
were close to those of the UF, indicating that the protein
sunflower meal may be competitive with the synthetic chemical
adhesive.
The shear test has then been used to analyze the adhesive

capabilities of SF H2O2/NaOH, SF H2O2, and SF MW in

order to assess the influence of protein primary and secondary
structure on the SF adhesive potential (Figures 10 and 11).

The SF extract displayed a breaking force of 2.4 MPa for 10
s of pressing, rising to 3.6 MPa for 60 s of pressing (Figure 10).

After 10 s of pressing, no resistance was observed for SF
samples treated with H2O2 and 1 wt % NaOH, but, as the press
time increased, the fracture strength rose (Figure 10a). The
highest breaking force value for the SF H2O2/NaOH samples
was only 1.3 MPa at 60 s of pressing�less than the 3.6 MPa
for SF for the same time. In addition, the SF H2O2/NaOH
samples breaking force decreased with H2O2 content. At 60 s
of pressing, SF 0−1, SF 0.5−1, SF 1−1, SF 2−1, and SF 4−1
reached 1.3, 1, 0.7, 0.9, and 0.6 MPa, respectively (Figure 10a).
The decline in adhesive performance for the SF H2O2/NaOH
samples indicates that H2O2/NaOH treatment has degraded
SF adhesive performances.

The adhesive performances of SF samples treated with
various H2O2 without NaOH, were then characterized
following the same tests (Figure 10b).

All of the adhesive performances of SF H2O2 samples have
increased with the press time. SF 1 and SF 2 achieved 2.9
MPa, while SF 4 reached 1.9 MPa after 60 s of pressing
(Figure 10b). These results indicate that adhesive perform-
ances of samples treated just with H2O2 were still below the SF
reference values (3.6 MPa for 60 s). Moreover, the adhesive
properties of SF H2O2 samples decreased with an increase in
the H2O2 concentration increase.

These shear tests of SF H2O2/NaOH and SF H2O2, have
revealed a decrease of SF adhesive performances, which is
linked to the increase of H2O2 concentration. This loss of
adhesive performance could be compared with the structure
analysis made by electrophoresis, CD, and FTIR. In fact, these
characterizations have shown that the H2O2/NaOH and H2O2
treatments cleaved the peptide bond of SF and degraded the α
helices into random coils. These structural alterations appear
to be detrimental to adhesive performance.

Therefore, shear tests were performed on SF MW (Figure
11). SF, SF 50−30, SF 150−30, and SF 300−30 breaking
forces (Figure 11a) were compared with those of SF 300−1
and SF 300−10 (Figure 11b).

Figure 9. Shear tests of UF, SF, and soybean meal protein.

Figure 10. Shear tests of SF and SF-treated with H2O2, with NaOH (a) and without NaOH (b).
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SF has shown a 1.5 MPa breaking strength after 10 s of
pressing, and after 40 s of pressing, this strength raised a
plateau of 2.4 MPa (Figure 11).
The SF 50−30 exhibits a breaking strength of 1.9 MPa at 10

s of press, and after 20 s, this strength increased to reach its
maximum value at 2.7 MPa. This adhesive profile of SF 50−30
looked similar to that of SF (Figure 11a), indicating that MW
treatment, in these conditions (50 W and 30 s), had no effect
on SF adhesive ability.
SF 150−30 and SF 300−30 have shown a breaking force

increasing with press time. SF 150−30 exhibits a breaking
force of 1.4 MPa at 10 s of press and reached a maximum of
1.7 MPa for 60 s of press time. The tensile strength of the SF
300−30 was about 0.4 MPa at 10 s of press and reached a
maximum of 1.8 MPa at 60 s of press (Figure 11a). SF 150−
30 and SF 300−30 exhibited comparable adhesive perform-
ance profiles (1.7 and 1.8 MPa, respectively, at 60 s), but
showed lower adhesive performances than the SF standard
(2.2 MPa at 60 s) (Figure 11a).
The MW treatments at a constant power (300 W) and at

different times (1 and 10 min) were also examined by a shear
test (Figure 11b). The breaking strength of SF 300−1 starts at
1.1 MPa at 10 s of pressing and increases with press time until
it reaches 1.7 MPa for 60 s of press. SF 300−10 has
demonstrated a breaking strength of 1 MPa at 10 s. After 20 s
of pressing, this sample reached a maximum breaking force of
about 1.6 MPa (Figure 11b). The SF 300−1 and SF 300−10
adhesive performance profiles were similar and comparable to
those of SF 150−30 and SF 300−30 (Figure 11). These
results indicate that microwave treatments have a limited
impact on the adhesive performance of SF. In fact, at 60 s of
pressing, SF 150−30, SF 300−30, SF 300−1, and SF 300−10
reached 1.7, 1.8, 1.6, and 1.5 MPa, respectively. Beyond 150 W
and 30 s of treatment, the adhesive performances were similar.
The limited impact of MW on the SF adhesive performances

can be compared to the protein structural modifications made
by this treatment. The structural analysis by electrophoresis,
circular dichroism, and FTIR revealed that MW treatments
damaged only the α helices secondary structure, while
preserving the β sheets and the primary structures. Thus,
MW affects only secondary protein structures, which could

explain the limited decrease of the adhesive performances of
SF MW.

4. CONCLUSIONS
This study highlighted the structural globulin parameters
involved in the adhesive character of the oilseed meals.
Sunflower globulin extract (SF) was treated chemically and
physically through microwave irradiation, to induce structural
modifications and analyze their adhesive properties. The
protein structure modifications were characterized by electro-
phoresis, circular dichroism (CD), and infrared (FTIR) and
shear tests.

Oxidation denaturation by hydrogen peroxide treatment,
with and without soda, induced a change in the primary
structure of SF proteins by reducing their size. This treatment
also led to secondary structure modifications. The α helices
would be modified into random coils, while the β sheets were
conserved. These primary and secondary structural changes
have resulted in the loss of adhesive performance of SF
proteins.

The microwave denaturation technique did not induce any
primary structural modifications of SF proteins. In fact, no
change in molecular weight was observed. However, CD
analyses revealed secondary structure alterations. As the
treatment intensity and time increase, α helices degenerate
into random coils. Adhesive characterization methods revealed
a loss of performance for all treatments except for SF 50−30,
which has the same performance as the untreated SF. Indeed,
the FTIR analysis revealed no change in β sheets level. The
impact of MW treatment on secondary structures might then
be investigated further using solid NMR or Raman spectros-
copy.

These chemical and physical treatments have demonstrated
that the primary and secondary protein structures affect their
adhesive ability. The adhesive capability of globulins is
diminished when their primary structures are fully broken
down. Adhesive efficacy may also decrease due to secondary
structural damage, including α helix changes to a random coil.
These findings confirm that sunflower meal adhesivity is
dependent on the structural characteristics of globulin. In the
following of this study, it will be of interest to evaluate the
adhesive properties of other protein families found in oilseed

Figure 11. Shear tests of SF and MW-treated SF samples for 50, 150, and 300 W, at 30 s (a) and at 300 W at 1 and 10 min (b).
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meals. These extraction and structural characterization
methods can be transposed to other meals. Finally, the
exclusive use of meal proteins would be too costly for the wood
panel industry, even if new methods make it possible to obtain
protein-enriched meal. To develop biobased adhesives, it is
therefore necessary to use the meal in its entirety. To do this,
the other ligneous compounds and polysaccharides need to be
more reactive in order to adhere to the wood.
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Rigolet, S.; Rocha, G. J. M. Environment-Friendly Soy Flour-Based
Resins without Formaldehyde. J. Appl. Polym. Sci. 2008, 108 (1),
624−632.
(9) Tene Tayo, J. L.; Bettelhäuser, R. J.; Euring, M. Canola Meal as
Raw Material for the Development of Bio-Adhesive for Medium
Density Fiberboards (MDFs) and Particleboards Production.
Polymers 2022, 14 (17), 3554.
(10) Santoni, I.; Pizzo, B. Evaluation of Alternative Vegetable
Proteins as Wood Adhesives. Ind. Crops Prod. 2013, 45, 148−154.
(11) Mo, X.; Zhong, Z.; Wang, D.; Sun, X. Soybean Glycinin
Subunits: Characterization of Physicochemical and Adhesion Proper-
ties. J. Agric. Food Chem. 2006, 54 (20), 7589−7593.
(12) Zhang, Z.; Hua, Y. Urea-Modified Soy Globulin Proteins (7S
and 11S): Effect of Wettability and Secondary Structure on Adhesion.
J. Am. Oil Chem. Soc. 2007, 84 (9), 853−857.
(13) Medic, J.; Atkinson, C.; Hurburgh, C. R. Current Knowledge in
Soybean Composition. J. Am. Oil Chem. Soc. 2014, 91 (3), 363−384.
(14) Ciannamea, E. M.; Martucci, J. F.; Stefani, P. M.; Ruseckaite, R.
A. Bonding Quality of Chemically-Modified Soybean Protein
Concentrate-Based Adhesives in Particleboards from Rice Husks. J.
Am. Oil Chem. Soc. 2012, 89 (9), 1733−1741.
(15) Lin, Q.; Chen, N.; Bian, L.; Fan, M. Development and
Mechanism Characterization of High Performance Soy-Based Bio-
Adhesives. Int. J. Adhes. Adhes. 2012, 34, 11−16.
(16) González-Pérez, S. Sunflower Proteins. In Sunflower; Elsevier,
2015; pp 331−393.
(17) García, M. C.; Torre, M.; Marina, M. L.; Laborda, F.;
Rodriquez, A. R. Composition and Characterization of Soyabean and
Related Products. Crit. Rev. Food Sci. Nutr. 2009, DOI: 10.1080/
10408399709527779.
(18) Le Fur, X.; Flores, F.; Pelletier, H. Adhesive Composition
Comprising Heat Treated Dry Plant Meal and a Water Soluble
Prepolymer and/or Water Soluble Reactive Prepolymer. US Patent
2022058430WO, 2022. https://patents.google.com/patent/
WO2022058430A1/en (accessed Jan 01, 2024).
(19) El-Kadiri, I.; Khelifi, M.; Aider, M. The Effect of Hydrogen
Peroxide Bleaching of Canola Meal on Product Colour, Dry Matter
and Protein Extractability and Molecular Weight Profile. Int. J. Food
Sci. Technol. 2013, 48 (5), 1071−1085.
(20) Sadeghi, A. A.; Nikkhah, A.; Shawrang, P. Effects of Microwave
Irradiation on Ruminal Degradation and in Vitro Digestibility of Soya-
Bean Meal. Anim. Sci. 2005, 80 (3), 369−375.
(21) Pickardt, C.; Neidhart, S.; Griesbach, C.; Dube, M.; Knauf, U.;
Kammerer, D. R.; Carle, R. Optimisation of Mild-Acidic Protein
Extraction from Defatted Sunflower (Helianthus annuus L.) Meal.
Food Hydrocolloids 2009, 23 (7), 1966−1973.
(22) Kaur, R.; Ghoshal, G. Sunflower Protein Isolates-Composition,
Extraction and Functional Properties. Adv. Colloid Interface Sci. 2022,
306, No. 102725.
(23) Mehats, J.; Castets, L.; Grau, E.; Grelier, S. Homogenization of
Maritime Pine Wood Color by Alkaline Hydrogen Peroxide
Treatment. Coatings 2021, 11 (7), 839.
(24) Chéreau, D.; Videcoq, P.; Ruffieux, C.; Pichon, L.; Motte, J.-C.;
Belaid, S.; Ventureira, J.; Lopez, M. Combination of Existing and
Alternative Technologies to Promote Oilseeds and Pulses Proteins in
Food Applications. OCL 2016, 23 (4), D406.
(25) Eslah, F.; Jonoobi, M.; Faezipour, M.; Afsharpour, M.; Enayati,
A. A. Preparation and Development of a Chemically Modified Bio-

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04944
ACS Omega 2024, 9, 40676−40686

40685

https://pubs.acs.org/doi/10.1021/acsomega.4c04944?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04944/suppl_file/ao4c04944_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henri+Cramail"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9798-6352
https://orcid.org/0000-0001-9798-6352
mailto:henri.cramail@enscbp.fr
mailto:henri.cramail@enscbp.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ste%CC%81phane+Grelier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0439-8808
https://orcid.org/0000-0002-0439-8808
mailto:stephane.grelier@enscbp.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cle%CC%81mence+Casenave"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carine+Mangeon+Pastori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04944?ref=pdf
https://doi.org/10.1007/s11746-013-2349-2
https://doi.org/10.1007/s11746-013-2349-2
https://doi.org/10.1007/s11746-013-2349-2
https://doi.org/10.1080/01694243.2016.1237278
https://doi.org/10.1080/01694243.2016.1237278
https://doi.org/10.1002/app.27692
https://doi.org/10.1002/app.27692
https://doi.org/10.3390/polym14173554
https://doi.org/10.3390/polym14173554
https://doi.org/10.3390/polym14173554
https://doi.org/10.1016/j.indcrop.2012.12.016
https://doi.org/10.1016/j.indcrop.2012.12.016
https://doi.org/10.1021/jf060780g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf060780g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf060780g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11746-007-1108-7
https://doi.org/10.1007/s11746-007-1108-7
https://doi.org/10.1007/s11746-013-2407-9
https://doi.org/10.1007/s11746-013-2407-9
https://doi.org/10.1007/s11746-012-2058-2
https://doi.org/10.1007/s11746-012-2058-2
https://doi.org/10.1016/j.ijadhadh.2012.01.005
https://doi.org/10.1016/j.ijadhadh.2012.01.005
https://doi.org/10.1016/j.ijadhadh.2012.01.005
https://doi.org/10.1080/10408399709527779
https://doi.org/10.1080/10408399709527779
https://doi.org/10.1080/10408399709527779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10408399709527779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://patents.google.com/patent/WO2022058430A1/en
https://patents.google.com/patent/WO2022058430A1/en
https://doi.org/10.1111/ijfs.12065
https://doi.org/10.1111/ijfs.12065
https://doi.org/10.1111/ijfs.12065
https://doi.org/10.1079/ASC40820369
https://doi.org/10.1079/ASC40820369
https://doi.org/10.1079/ASC40820369
https://doi.org/10.1016/j.foodhyd.2009.02.001
https://doi.org/10.1016/j.foodhyd.2009.02.001
https://doi.org/10.1016/j.cis.2022.102725
https://doi.org/10.1016/j.cis.2022.102725
https://doi.org/10.3390/coatings11070839
https://doi.org/10.3390/coatings11070839
https://doi.org/10.3390/coatings11070839
https://doi.org/10.1051/ocl/2016020
https://doi.org/10.1051/ocl/2016020
https://doi.org/10.1051/ocl/2016020
https://doi.org/10.1016/j.ijadhadh.2016.08.011
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Adhesive Derived from Soybean Flour Protein. Int. J. Adhes. Adhes.
2016, 71, 48−54.
(26) Davies, M. J. Protein Oxidation and Peroxidation. Biochem. J.
2016, 473 (7), 805−825.
(27) Papuc, C.; Goran, G. V.; Predescu, C. N.; Nicorescu, V.
Mechanisms of Oxidative Processes in Meat and Toxicity Induced by
Postprandial Degradation Products: A Review. Comp Rev. Food Sci.
Food Safe 2017, 16 (1), 96−123.
(28) Andrés, C. M. C.; Pérez De La Lastra, J. M.; Andrés Juan, C.;
Plou, F. J.; Pérez-Lebeña, E. Impact of Reactive Species on Amino
Acids�Biological Relevance in Proteins and Induced Pathologies. Int.
J. Mol. Sci. 2022, 23 (22), 14049.
(29) Redox Proteomics: From Protein Modifications to Cellular

Dysfunction and Diseases; Dalle-Donne, I.; Scaloni, A.; Butterfield, D.
A., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006.
(30) Stadtman, R.; Levine, R. L. Chemical Modification of Proteins
by Reactive Oxygen Species. In Redox Proteomics: From Protein
Modifications to Cellular Dysfunction and Diseases; Dalle-Donne, I.;
Butterfield, D. A., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2006.
(31) Winterbourn, C. C. The Biological Chemistry of Hydrogen
Peroxide. In Methods in Enzymology; Elsevier: Philadelphia, PA, 2013;
Vol. 528, pp 3−25.
(32) Dinusson, W. E. Sunflower Meal. In Nontraditional Feed Sources

for Use in Swine Production; Thacker, P. A.; Kirkwood, R. N., Eds.;
Butterworths: Stoneham, MA, USA, 1990.
(33) Isbell, H. S.; Frush, H. L.; Naves, R.; Soontracharoen, P.
Degradation of 2-Deoxyaldoses by Alkaline Hydrogen Peroxide.
Carbohydr. Res. 1981, 90 (1), 111−122.
(34) Zeronian, S. H.; Inglesby, M. K. Bleaching of Cellulose by
Hydrogen Peroxide. Cellulose 1995, 2 (4), 265−272.
(35) Mizutani, Y.; Shibata, M.; Yamada, S.; Nambu, Y.; Hirotsuka,
M.; Matsumura, Y. Effects of Heat Treatment under Low Moisture
Conditions on the Protein and Oil in Soybean Seeds. Food Chem.
2019, 275, 577−584.
(36) Sadeghi, A. A.; Shawrang, P. Effects of Microwave Irradiation
on Ruminal Degradability and in Vitro Digestibility of Canola Meal.
Anim. Feed Sci. Technol. 2006, 127 (1−2), 45−54.
(37) Xiang, S.; Zou, H.; Liu, Y.; Ruan, R. Effects of Microwave
Heating on the Protein Structure, Digestion Properties and Maillard
Products of Gluten. J. Food Sci. Technol. 2020, 57 (6), 2139−2149.
(38) Kelly, S. M.; Jess, T. J.; Price, N. C. How to Study Proteins by
Circular Dichroism. Biochim. Biophys. Acta 2005, 1751 (2), 119−139.
(39) Whitmore, L.; Wallace, B. A. Protein Secondary Structure
Analyses from Circular Dichroism Spectroscopy: Methods and
Reference Databases. Biopolymers 2008, 89 (5), 392−400.
(40) Greenfield, N. J. Using Circular Dichroism Spectra to Estimate
Protein Secondary Structure. Nat. Protoc. 2006, 1 (6), 2876−2890.
(41) González-Pérez, S.; Vereijken, J. M.; Merck, K. B.; van
Koningsveld, G. A.; Gruppen, H.; Voragen, A. G. J. Conformational
States of Sunflower (Helianthus annuus) Helianthinin: Effect of Heat
and pH. J. Agric. Food Chem. 2004, 52 (22), 6770−6778.
(42) Sosiangdi, S.; Taemaitree, L.; Tankrathok, A.; Daduang, S.;
Boonlue, S.; Klaynongsruang, S.; Jangpromma, N. Rational Design
and Characterization of Cell-Selective Antimicrobial Peptides Based
on a Bioactive Peptide from Crocodylus Siamensis Hemoglobin. Sci.
Rep. 2023, 13 (1), No. 16096.
(43) Marullo, R.; Kastantin, M.; Drews, L. B.; Tirrell, M. Peptide
Contour Length Determines Equilibrium Secondary Structure in
Protein-analogous Micelles. Biopolymers 2013, 99 (9), 573−581.
(44) Miyazawa, T.; Blout, E. R. The Infrared Spectra of Polypeptides
in Various Conformations: Amide I and II Bands1. J. Am. Chem. Soc.
1961, 83 (3), 712−719.
(45) Barth, A. Infrared Spectroscopy of Proteins. Biochim. Biophys.

Acta 2007, 1767 (9), 1073−1101, DOI: 10.1016/j.bba-
bio.2007.06.004.
(46) Yang, H.; Yang, S.; Kong, J.; Dong, A.; Yu, S. Obtaining
Information about Protein Secondary Structures in Aqueous Solution

Using Fourier Transform IR Spectroscopy. Nat. Protoc. 2015, 10 (3),
382−396.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04944
ACS Omega 2024, 9, 40676−40686

40686

https://doi.org/10.1016/j.ijadhadh.2016.08.011
https://doi.org/10.1042/BJ20151227
https://doi.org/10.1111/1541-4337.12241
https://doi.org/10.1111/1541-4337.12241
https://doi.org/10.3390/ijms232214049
https://doi.org/10.3390/ijms232214049
https://doi.org/10.1016/S0008-6215(00)85617-7
https://doi.org/10.1007/BF00811817
https://doi.org/10.1007/BF00811817
https://doi.org/10.1016/j.foodchem.2018.09.139
https://doi.org/10.1016/j.foodchem.2018.09.139
https://doi.org/10.1016/j.anifeedsci.2005.08.016
https://doi.org/10.1016/j.anifeedsci.2005.08.016
https://doi.org/10.1007/s13197-020-04249-0
https://doi.org/10.1007/s13197-020-04249-0
https://doi.org/10.1007/s13197-020-04249-0
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1016/j.bbapap.2005.06.005
https://doi.org/10.1002/bip.20853
https://doi.org/10.1002/bip.20853
https://doi.org/10.1002/bip.20853
https://doi.org/10.1038/nprot.2006.202
https://doi.org/10.1038/nprot.2006.202
https://doi.org/10.1021/jf049612j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf049612j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf049612j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-023-43274-9
https://doi.org/10.1038/s41598-023-43274-9
https://doi.org/10.1038/s41598-023-43274-9
https://doi.org/10.1002/bip.22217
https://doi.org/10.1002/bip.22217
https://doi.org/10.1002/bip.22217
https://doi.org/10.1021/ja01464a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01464a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/j.bbabio.2007.06.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbabio.2007.06.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nprot.2015.024
https://doi.org/10.1038/nprot.2015.024
https://doi.org/10.1038/nprot.2015.024
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

