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ABSTRACT: Lignins are used often in formulations involving SP In solution
proteins but little is known about the surface interactions
between these important biomacromolecules. In this work, we
investigate the interactions at the solid—liquid interface of
lignin with the two main proteins in soy, glycinin (11S) and f5-
conglycinin (7S). The extent of adsorption of 11S and 7S onto
lignin films and the degree of hydration of the interfacial layers
is quantified via Quartz crystal microgravimetry (QCM) and
surface plasmon resonance (SPR). Solution ionic strength and
protein denaturation (2-mercaptoethanol and urea) critically
affect the adsorption process as protein molecules undergo conformational changes and their hydrophobic or hydrophilic amino
acid residues interact with the surrounding medium. In general, the adsorption of the undenatured proteins onto lignin is more
extensive compared to that of the denatured biomolecules and a large amount of water is coupled to the adsorbed molecules. The
reduction in water contact angle after protein adsorption (by ~40° and 35° for undenatured 11S and 7S, respectively) is
explained by strong nonspecific interactions between soy proteins and lignin.
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B INTRODUCTION (a) . (b) (c) .
Glycinin B-conglycinin

Industrial interest in environmentally friendly materials has 0

driven research in a variety of products from natural resources. e’%

Soybean proteins are among the most investigated natural
compounds for nonfood applications including wood adhesives,

films for food packaging, composites, biobased plastics, and A:Acidic polypeptides a0z Hydrophilic
. 1 .. . . (hydrophilic) polypeptides
paper coatings. In addition to lipoxygenases, the main
components in soybeans comprise the so-called storage B: Basic polypeptides : Hydrophobic
. . . (hydrophobic) polypeptides
proteins, a mixture of two macromolecules (glycinin and f-
conglycinin) held together by disulfide linkages. Soy glycinin Figure 1. Schematic representation of the structure of (a) soybean
(118) has a molecular weight of ~320—350 kDa and is glycinin 11S and (c) f-conglycinin 7S (see refs 2526 for related
composed of acidic and basic subunits (denoted Al, A2, A3 and information). (b) A schematic illustration of the distribution of

B1, B2, B3). §- conglycinin (7S) has a molecular weight of ~180 hydrophobic residues in soybean glycinin and f-conglycinin is shown
kDa and contains three subunits (a, @/, f).>* The acidic in (b) (see ref 24).
subunits in glycinin, and the a’s (@, a’) subunits in fS-

conglycinin, have hydrophilic character whereas the basic and /3 proteins were used as a platform for surface modification and to
subunits of glycinin and p-conglycinin, respectively, are generate functional coatings via polymer grafting.”® Thermal
hydrophobic. These polypeptides chains arrange themselves denaturation improved the adsorption of 118 and 7S onto
forming soy proteins’s quaternary structure (Figure 1). hydrophobic surfaces, redgcing the contact angle and allowing
Different procedures for fractionation and purification of macromolecular coupling.

glycinin and p-conglycinin have been reported in the From the colloi9da1 chemif(t)ry point of view, soy proteins can
literature.*> Most of the nonfood applications of soybean be used as wet” or dry " additives. The nature of the
proteins take advantage of their thermoplastic behavior." interactions of proteins 11S and 7S with cellulosic surfaces
However, despite their industrial relevance, the nature of the

adsorption and interfacial interactions need to be elucidated in Received: October 27, 2012

order to benefit from soy protein and lignin unique Accepted: December 12, 2012

functionalities in composite materials. Recently soy and other Published: December 12, 2012
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has been recently reported under conditions relevant to
papermaking.'""> The results indicated different behavior for
each of the proteins; in the native state a higher adsorption
onto silica compared to cellulose was observed. Adsorption was
reduced when the proteins were partially denatured by a
reducing agent (2-mercaptoethanol). The adsorbed protein
molecules underwent conformational changes upon exposure
to the surrounding medium of either hydrophobic or
hydrophilic amino acid residues. The adsorption of 11S
increased with the ionic strength, whereas the opposite was
determined for 7S;'! these observations were taken as an
indication of the importance of their structural differences. Of
potential industrial interest is the use of soybean proteins to
improve bonding in recycled paper furnishes or low grade pulps
that contain lignin. For example, the performance of
commercial soy flour as dry strength additive for recycled
pulp was studied at different conditions of pH and ionic
strength and a synergistic effect of soy flour mixed with cationic
starch was observed.'> Lignin model films from different
sources have been prepared to study adsorption of polyelec-
trolytes'>™"> and related interactions.'® Soy proteins are
naturally amphiphilic because they possess both hydrophilic
and hydrophobic domains that from a physicochemical
perspective have the potential to interact strongly with lignin.
Kawamoto et al.'” studied the adsorption of bovine serum
albumin (BSA) onto different lignins, including thio-lignin,
lignin from steam explosion of a type of Japanese white birch
(Betula platyphylla), acetic acid lignin, and milled wood lignin.
Although no correlation was found between the amount of
protein adsorbed and the molecular weight or number of
phenolic hydroxyl groups, all lignins studied adsorbed BSA to a
relatively large extent. The interactions of proteins with lignin
are of fundamental importance.

Yang et al.'® studied the adsorption of BSA onto cellulose-
and lignin-containing surfaces (corn stover) to improve
enzymatic hydrolysis. Their results show that BSA adsorbs
more extensively on lignin-containing substrates compared to
Avicel cellulose. A reduction in the nonspecific binding of
cellulases and p-glucosidases by adsorbing BSA on the
lignocellulose substrates was observed, which facilitated higher
glucose yields. In addition, BSA has been claimed to be a “lignin
blocker” that can facilitate the enzymatic hydrolysis process."’
Other efforts to elucidate the role of lignin in enzymatic
hydrolysis in bicomponent (cellulose-lignin) systems have been
reported by us,*® and indicate the occurrence of irreversible
bonding between the enzymes and lignin. Lignin—protein
interactions are also relevant in wood adhesion where the
promotion of molecular contacts and the surface energy of the
component play dominant roles.”' Understanding the nature of
lignin—protein interactions is critical in explaining the
mechanism of adsorption/wetting in wood adhesives, solid
dispersions, etc. Some of the unanswered questions include:
What are the forces involved in the adsorption process of
proteins to lignin? Can the interactions be modulated to
improve/reduce adsorption?

In this work, we report on the adsorption behavior and
interactions of soy proteins 11S and 7S with lignin as well as a
hydrophobic surface (1-dodecanethiol self-assembled mono-
layers on gold) used as reference by the application of quartz
crystal microbalance and complementary techniques, such as
surface plasmon resonance and water contact angle measure-
ments.

200

B MATERIALS AND METHODS

7B defatted soy flour was provided as a gift from Archer Daniel
Midland (ADM, Decatur, IL) and fractionated into glycinin (11S) and
p-conglycinin (7S) (Figure 1) by following a procedure reported
previously (see the SupPorting Information, Figure SI-1, for nitrogen
and protein contents).' Sodium phosphate monobasic anhydrous,
sodium phosphate dibasic anhydrous, and urea (certified ACS) were
purchased from Fisher Scientific (Somerville, NJ). 1-Dodecanethiol,
ethanol (200 proof anhydrous), 2-mercaptoethanol, and 1,4-dioxane
were purchased from Sigma Aldrich (St. Louis, MO). Reference
organosolv lignin was supplied by Lignol and reported to contain low
amounts of sulfur (~0.05%), sodium (17 ppm), potassium (44 ppm),
and calcium (163 ppm).*>** We note that relative to technical kraft
lignins, organosolv lignins are more hydrophobic.** All reagents were
used as received. Milli-Q water with a resistivity of >18 M€ cm was
used in all experiments.

Lignin Films. Gold-coated AT-cut quartz crystals were used as
resonators under thickness shear mode of vibration. They were
cleaned by immersion in piranha solution (70% sulfuric acid, 30%
hydrogen peroxide) for S min, rinsed thoroughly with Milli-Q water
and exposed to nitrogen gas to dry. Before spin coating, the dry
sensors were cleaned further using ultraviolet (UV)-ozone treatment
for ten minutes. Lignin films were prepared following the procedure of
Tammelin et al.'® with a slight modification, namely, polystyrene was
first spin-coated on gold as a supporting substrate for lignin deposition.
Detailed preparation of the films can be found as Supporting
Information.

Reference Self-Assembled Monolayers of Dodecanethiol.
UV-ozone cleaned gold QCM resonators were immersed (for 18 h) in
1 X 107> M 1-dodecanethiol solution using ethanol as a solvent. A fully
covering, self-assembled monolayer (SAM) of the alkylthiol was
formed (ellipsometric layer thickness of ~3 nm) on the gold. This
substrate was used as a hydrophobic reference surface.

AFM Imaging. AFM imaging was performed in tapping mode in
air using a NanoScope III D3000 multimode scanning probe
microscope from Digital Instruments Inc. (Santa Barbara, CA). Lignin
films were scanned by using a NanoScope III D3000 multimode
scanning probe microscope (Digital Instruments, Santa Barbara, CA).
Scan sizes of 5 X 5 and 1 X 1 um* were employed. At least three
different areas on each sample were measured; no image processing
except flattening was performed.

Quartz Crystal Microgravimetry. QCM-D E4 (Q-Sense,
Gothenburg, Sweden) was operated in batch mode. QCM principles
and operation have been described in detail elsewhere.”” > The mass
adsorbed onto the QCM sensor is related to the shift of resonance
frequency (Af) according to the Sauerbrey equation (eq 1)*°

Am = —CAf/n (1)

where Am is the change of mass (adsorption or desorption), Afis the
change in frequency, n is the overtone number, C is a constant, 17.7 ng
cm? 57! at f = 5 MHz. The energy dissipation or factor D accounts for
the changes in viscoelastic properties of the mass adsorbed on the
crystal and also for variations in the density and viscosity of the
solution; simply stated D is the ratio of energy dissipated to the energy
storeczigby the systems at the interface on the quartz crystal as given by
eq 2:

_ Edissipated
27E

@)

Typically, protein adlayers display a moderate dissipation; therefore, in
this work, we used the Johannsmann®" approach to calculate the mass
adsorbed onto the surface (see the Supporting Information for
details).

Adsorption experiments were carried out with lignin substrates as
well as 1-dodecanethiol reference SAM. The substrates were exposed
to protein solutions of different concentrations (1, 10, 100, and 1000
pug/mL) that were freshly prepared in 10 mM phosphate buffer at pH
7.0. Prior to any measurement, the sensors were allowed to equilibrate
in water for about 2 h in order to register base signals for Af and AD,

stored
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zeroed and allowed to run for 10 min before protein solution injection.
Some measurements were conducted in buffer solution with added 10
mM 2-mercaptoethanol or 8 M urea; in these cases and prior to
protein injection, the baseline was zeroed and signal stabilization
allowed in the respective buffer solution (in the presence of the added
components).

Surface Plasmon Resonance. Protein adsorption was also
investigated by surface plasmon resonance (SPR) (SPR Navi 200,
Oy BioNavis Ltd., Tampere, Finland). The sensitivity of the technique
to detect small changes in refractive index (~1 X 107°) within time
resolution of the order of milliseconds®* have proved useful in
biosensing applications. The excitation of the surface plasmons occurs
at a given angle, the surface plasmon resonance (SPR) angle. In this
condition, a sharp dip in the reflected light intensity occurs. Even small
changes in the refractive index at the metal-surrounding medium
interface are resolved by SPR. The response of the sensor to adsorbed
mass (SPR signal) is expressed in resonance units or angle shift
(A6).** In this work, the thickness of the adsorbed protein layer was
determined using eq 3

Y

" 2my, - 1) 3)

where d is the thickness of adsorbed layer, Iy is a characteristic
evanescent electromagnetic field decay (usually estimated to be around
0.37 times the wavelength of the incident light, 240 nm),** m is a
sensitivity factor of the sensor (109.95°/RIU, RIU: refractive index
units) obtained by calculating the slope of a A calibration curve for a
series of glycerin aqueous solutions of different concentrations and
known refractive indices.®® 7, is the refractive index of the bulk
solution (buffer, 1.334)3* and , is the refractive index of the adsorbed
species (proteins), which was assumed to be 1.57.° After the
calculation of the thickness, the surface excess concentration was
computed using eq 4.

I'=pd 4)

where p is the bulk density of the soy protein (1370 kg/m?),
determined from specific volume data (0.73 mL/g).>

The adsorbed mass was determined by SPR under the same set of
conditions (concentration, temperature of 25 °C, pH, rinsing protocol,
etc.) used in QCM experiments. In contrast to QCM, coupled water
does not affect the SPR signal.35 Thus the contribution of water
coupled to the adsorbed layer can be calculated from the
corresponding masses according to eq S.

(massQCM — massgpg)

%coupled water = 100
()

Water Contact Angle. The water contact angle of the surfaces was
determined by using a dynamic contact angle (DCA) Phoenix 300
system (Seoul, South Korea). The images of the sessile drop were
analyzed by using Image ] software (National Institutes of Health,
Bethesda, MD). In the case of the QCM sensors the initial advancing
water contact angle was measured before and after protein adsorption.

masssgey

B RESULTS AND DISCUSSION

The noncontact mode AFM images of the polystyrene support
before and after deposition of lignin can be observed in the
Supporting Information (Figure SI-2). Both films were smooth
with root-mean square surface roughness of 0.17 nm for
polystyrene and 0.47 nm for lignin. The initial advancing water
contact angle on each film was ~90 and ~65° for polystyrene
and lignin, respectively.

Glycinin Adsorption onto Lignin Films. The organosolv
lignin used is insoluble in water and more hydrophobic (water
contact angle of ~65°) than Kraft lignins.”> Hydrophobic
interactions between the protein and the lignin substrate are
anticipated. A QCM shift of frequency after native protein
adsorption on lignin can be observed in Figure 2. The kinetics
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Figure 2. Shift in QCM frequency upon adsorption of 11§ (left) and
7S (right) from aqueous solutions on lignin.

of the adsorption/desorption process can be determined from
the initial slope of the curves. For both proteins, the adsorption
is slower at low concentration (1—10 pug/mL) compared to that
at higher concentrations (100 and 1000 yg/mL). The fact that
frequency signals do not return to the baseline after rinsing
suggests that the adsorption is irreversible. The larger shift in
QCM reveals that 7S adsorbs more extensively than 118.
Equilibrium adsorption isotherms for both soy glycinin (11S)
and f-conglycinin (7S) indicate a significant adsorption in their
native condition, as can be observed in Figure 3. The curves
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Figure 3. Adsorption isotherms of soybean proteins 115 (left) and 7 S
(right) onto lignin films as determined by QCM-D. The error bars
indicate the standard deviation from three repetitions. In some cases,
the standard deviation is smaller than the size of the respective symbol.

indicate that for both 11S and 7S the increase in ionic strength
has a negligible effect on the extent of adsorption; however,
treatment with reducing 2-ME or denaturant 8 M urea reduces
the adsorbed amounts for both proteins. More specifically, the
addition of 10 mM 2-mercaptoethanol has a more negative
effect on the adsorption of 11S compared to 7S, which is
expected because 11S molecules contain more disulfide
linkages.*®

Protein adsorption on solid surfaces is driven by different
types of nonspecific interactions such as electrostatics, hydro-
gen bonding, and hydrophobic forces. Electrostatic interactions
between lignin and the proteins are probably less relevant since
ionic strength does not appear to affect adsorption. There are
stil, however, protein intramolecular interactions that are
affected by the ionic strength. It is expected that nonionic
interactions play a prominent role. Nonionic interactions have
been suggested as possible cause for the high adsorption of
poly(acrylic acid) onto Kraft lignin films as studied by QCM;
high dissipation values were observed, indicating a weakly
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attached layer of polymer.'* Unlike kraft lignin, organosolv
lignin contains less carbox;flic groups and a large amount of
phenolic hydroxyl groups;®’ therefore, it is also likely that the
charged amino acids on the protein engage in weak electrostatic
interactions and also hydrogen bonding with the scarcely
available charged groups on the surface. An attempt has been
made in the literature to correlate the adsorbed amount of
bovine serum albumin (BSA) with the molecular weight of
lignin and the number of phenolic hydroxy groups; however,
besides the high adsorption observed for BSA onto lignin-
containing substrates, no correlation was found."”

In their native state, proteins assume a globular conformation
in aqueous solution in order to minimize interactions of the
hydrophobic amino acids. Once proteins adsorb some
denaturation occurs at the solid—liquid interface and the
macromolecules spread on the surface.’®** The lower protein
adsorbed mass in the presence of denaturants suggests that the
respective adlayer is less hydrated. The molecules expose their
hydrophobic amino acids upon addition of either 8 M urea or
the reducing agent 2-mercaptoethanol, the former having a
more remarkable effect. Urea is a denaturant that breaks
hydrogen bonding and disrupts the secondary structure of
proteins, while at the concentration studied here, 2-
mercaptoethanol only breaks disulfide bonds in the molecules,
leading to unfolding. It has been suggested that depending on
the physicochemical environment and under the effect of 2-
mercaptoethanol as reducing agent, the hydrophobic amino-
acids associate into coils, and the hydrophilic polypeptides can
form rod-like clusters (see Figure 4).* These smaller

Figure 4. Schematic illustration of the possible conformation of
hydrophobic (red) and hydrophilic (blue) polypeptides of soybean
proteins upon adsorption from (a) native, undenatured form and (b)
less ordered, denatured conditions (see ref 40 for additional
information about soy protein molecular structure).

polypeptide chains behave differently from the globular-shaped
native molecules. Figure 4 includes a schematic illustration of
the possible conformation of the protein molecules upon
adsorption.

Addition of urea can also produce a change in the properties
of the liquid phase, which translates into an increased
viscoelasticity of the adsorbed layers, as observed in Figure S,
where the change in dissipation (AD) is plotted against the
shift of frequency (Af). Compared to adsorption under the
native or reduced (2-mercaptoethanol) condition, the presence
of urea produces AD—Af profiles with very steep slopes for
both proteins.

Upon adsorption on relatively hydrophobic lignin films, the
7S protein exhibits higher dissipation values compared to 118.
This is in contrast to the behavior observed for adsorption onto
hydrophilic, negatively charged surfaces (silica and cellulose).""
This behavior is probably related to the structural differences of
these two proteins and their response to changes in their
physicochemical environment. In fact, the results suggest that
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Figure S. Dissipation frequency plots for adsorption of soybean
proteins 118 (left) and 7S (right) onto lignin model films from 1 mg/
mL aqueous solutions.

the adlayers of 7S protein adopt a more extended
conformation, resulting in a better packing of the adsorbed
molecules at the interface. In addition, it is expected that in the
native state 7S has a higher hydration shell because of its high
carbohydrate content (3.29 and 1.25 mol % mannose and N-
acetylglucosamine, respectively),z'6 which are measured in
QCM as a high sensed mass. Table 1 summarizes the results

Table 1. Amount of Soybean Proteins Adsorbed onto Lignin
Films under Different Aqueous Conditions”

100 mM
native NaCl 2-ME 8 M urea
118 adsorbed 156 + 0.7 15.9 + 0.07 9.0 + 04 4.8 + 0.02
mass, mg/m2
7S adsorbed 20.5 + 1.7 24.8 + 1.83 18.7 £ 1.9 47 +£ 0.2

mass, mg/m>

“The values are determined after adsorption from 1 mg/mL protein
solution concentration.

for adsorption from 1 mg/mL solution concentration: it can be
observed that for adsorption from solutions containing 8 M
urea the amount adsorbed is practically the same for both
proteins. If it is assumed that the molecules are dehydrated and
adsorb side-on, the figures are close to a protein monolayer:
4.08 and 3.24 mg/m? for 11S and 7S, respectively.'" For end-on
adsorption, the values correspond to 7.05 (11S) and 7.08 mg/
m? (7S).11

As observed in AFM images of adsorbed proteins (cf. Figure
6), aggregates are formed on the surface. Roughness values of
0.87 and 1.50 nm were determined for 11S and 7S, respectively,
which imply that the 7S proteins form slightly larger aggregates.
This observation agrees with the higher adsorbed mass
registered for 7S compared to 11S.

The extent of adsorption onto lignin films was determined by
using SPR in order to decouple the effect of water bound to the
protein molecules. As expected, the isotherms shown in Figure
7 display values of adsorbed mass that are lower than those
obtained from QCM. The adsorption profiles follow same
trends as those observed in QCM isotherms, with similar
amounts of adsorbed mass onto lignin for 7S and 11S protein.
The amount of water coupled to the adsorbed layer from the
highest solution concentration of protein (I mg/mL) was
calculated from eq S (see Table 2).

Not only does 7S protein exhibits higher water coupling
(hydration) compared to 11S but the amount of proteins
adsorbed is very close to that calculated for a monolayer

dx.doi.org/10.1021/am3024788 | ACS Appl. Mater. Interfaces 2013, 5, 199—206



ACS Applied Materials & Interfaces

Research Article

I
§

-
5.

; o5 ok % T S ok o “F6 T
. . ' m
im a
0.0 nm

Figure 6. AFM images of lignin substrates of (a) bare lignin film (0.47 nm roughness) and after adsorption from 1 mg/mL solution of (b) 11S (0.87
nm roughness) or (c) 7S (1.50 nm roughness). Scan size is 1 X 1 ym?.
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Figure 7. Adsorption isotherms for soybean proteins 11S and 7S onto
lignin model films as determined from SPR results. The error bars
indicate the standard deviation from three repetitions. In some cases,
the standard deviation is smaller than the size of the respective symbol.

Table 2. Water Mass Coupled to Proteins Adsorbed on
Lignin from 1 mg/mL Aqueous Solution Concentration

adsorbed mass (mg/m?)

Cocm—Tspr % coupled
Cocm Tgm (mg/m”) water
11S- 15.6 + 0.1 4.09 + 1.5 11.5 74
native
7S-native 205 + 1.4 441 + 0.2 16.1 79

conformation, via side-on adsorption.'' Apparently, the
interactions of 7S globulin with lignin films are more favorable
than those of 11S. This observation is in contrast to what was
observed for cellulose substrates (see Table 3), where a larger
adsorption was observed for 118 than that for 7S.'" A study of
BSA adsorption onto lignin-containing substrates (corn stover)
and Avicel cellulose'® reported a more extensive adsorption on

Table 3. Comparison of Soybean Protein Adsorption onto
Lignin and Cellulose from 1 mg/mL Aqueous Solutions
(values obtained from the isotherm plateau)

lignin films ['(mg/m?) cellulose I’ (mg/mz)11

118 7S 118 7S

native 15.6 + 0.70 20.5 + 1.39 723 £3.13 298
100 mM NaCl 15.85 = 0.071 24.8 £ 1.83 13.65 + 2.71 1.27

203

lignin, in agreement with the current results obtained with soy
proteins.

Evidently the mechanism of adsorption is different for each
protein studied. In the native state (i.e., low ionic strength) it is
expected that 11S has more exposed acidic groups (negatively
charged); in addition, 11S dissociates into a small biomolecule
with the same sedimentation rate as the 7S molecule, so-called
78> In contrast, 7S proteins associates into larger structures
with higher sedimentation rates, 9S.3® Because in the present
case it is expected that the lignin surface has a low density of
charged groups, the interactions are likely driven by hydro-
phobic interactions or hydrogen bonding. It has been reported
that 7S protein (f-conglycinin) possesses higher surface
hydrophobicity than glycinin 11S, as determined from the
slope of fluorescence measurements of protein solutions with
fluorescent tag 1-anilino—8-naphthalene sulfonic acid.** This
observation translates into better emulsification ability for the
7S compared to the 11S. These observations support the
experimental results presented here.

To further explore the mechanism and interactions involved,
the adsorption of the soy proteins 11S and 7S onto a reference
hydrophobic surface was evaluated, namely SAMs of alkanethiol
(1-dodecanethiol) on gold (water contact angle of ~90°). The
SPR technique was used to monitor the adsorption; moreover,
QCM experiments were performed at the highest concen-
tration of protein to determine the effect of coupled water and
to determine the viscoelasticity of adsorbed layers.

Adsorption isotherms for all conditions studied are shown in
Figure 8. Interestingly, the results follow an opposite trend to
that observed previously for the lignin surfaces; compared to
the 7S protein, 11S protein adsorbs to a larger extent in the
native state and also in the presence of 10 mM 2-
mercaptoethanol. The different adsorption behavior of 11S
and 7S in the native state onto SAM can be related to the
flexibility and conformation of the protein molecules. It is
possible that in the presence of the more hydrophobic surface
the 11S protein rearranges to allow tighter packing at the
interface. 11S could also engage in S—S linkages associations
once adsorbed due to the presence of free sulphydryl groups.
The lower slope of the AD vs Af plots (cf. Figure 9) in the
cases of undenatured and denatured (2-mercaptoethanol)
samples suggest a flatter conformation of the adsorbed layers
of 11S compared to 7S, which can be related to a higher
spreading of the molecule on the surface.

dx.doi.org/10.1021/am3024788 | ACS Appl. Mater. Interfaces 2013, 5, 199—206
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Figure 8. SPR adsorption isotherms of soybean proteins 11S and 7S
onto SAM hydrophobic surfaces. The error bars indicate the standard
deviation from three repetitions. In some cases, the standard deviation
is smaller than the size of the respective symbol.
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Figure 9. Changes in dissipation upon adsorption of soybean proteins
118 (left) and 7S (right) onto SAM hydrophobic surfaces from 1 mg/
mL aqueous solutions.

For both proteins, the adsorption from 8 M urea solutions is
higher than that in other conditions. This is in agreement with
the fact that urea denatures the proteins and exposes their
hydrophobic groups, which favors larger adsorption onto the
hydrophobic surface. There is no possibility of hydrogen
bonding with the SAM and these results suggests that the
interactions with lignin involve not only hydrophobic
interactions but hydrogen bonding and others. Since urea
disrupts hydrogen bonding, this could explain why the
adsorption is lower on a lignin surface when proteins adsorb
from urea denatured conditions compared to the native state. A
summary of results for adsorption on the hydrophobic SAM
surface is presented in Table 4 together with the calculated
coupled water. From Table 4 it is important to highlight two

Table 4. Mass of Water Coupled to Proteins Adsorbed onto
Hydrophobic SAM from 1 mg/mL Solutions

adsorbed mass (mg/m?)

Focm—Tspr % coupled
Coem IS mg/m*) water
11S-native 10.7 + 0.32 2.6 + 0.028 8.1 75.7
7S-native 5.95 £ 0.23 1.62 + 0.08 433 72.8
11S +10 mM  9.18 + 0.22 2.13 + 0.06 7.05 76.8
2-ME
78 +10 mM 6.78 + 0.2 145 + 0.01 5.33 78.6
2-ME
11S +8 M 92 + 0.14 2.95 £ 0.1 6.25 68
urea
7S +8 M urea 54+ 027 2.90 + 0.04 249 46.3
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things: (1) Compared to other conditions the percentage of
coupled water is lower for adsorption from urea; this seems to
favor a more extended viscoelastic layer of adsorbed protein on
the surface as evidenced in the AD—Af profiles in Figure 9,
where the adsorption from urea exhibited the highest
dissipation values and the steepest slope. (2) The high
dissipation observed implies more extended protein adlayers,
better packing at the interface and higher adsorption, probably
in an end-on configuration. However, the adsorbed mass does
not even reach the lowest expected value for a protein
monolayer assumin§ side-on configuration (4.08 (11S) and
3.24 mg/m? (7S))."" It is worth mentioning that urea destroys
the secondary structure of the protein, leading to a more
random coiled molecule.”** In fact, it has been reported>*
that concentrations of urea above 6 M can break the soybean
protein molecules into subunits or small polypeptide chains
which, depending on their nature (hydrophilic or hydro-
phobic), can adsorb assuming a loose conformation on the
surface.

Change in Surface Wettability after Adsorption. Water
contact angle (WCA) measurements were carried and reported
as the difference between the initial WCA (bare surfaces) and
the WCA after protein treatment. Results for both proteins in
native condition after adsorption onto lignin are reported in
Figure 10a. Compared with 7S, 11S produces the largest change

50
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Figure 10. Water contact angle change upon adsorption of soybean
proteins (11S and 7S) at different concentrations on (a) lignin model
films and (b) 1-dodecanethiol self-assembled monolayers before and
after denaturation (2-ME or urea). The error bars indicate the
standard deviation from three repetitions.

in WCA after adsorption at the highest concentration studied.
The change in contact angle upon adsorption onto
dodecanethiol SAM is shown in Figure 10b. In the native
state 11S displays the highest change in WCA; however, in the
case of the more hydrophobic surface, dodecanethiol SAM, the
highest change in WCA was observed after treatment by
adsorption from solutions with 10 mM 2-mercaptoethanol or 8
M urea. The molecular differences between 11S and 7S can
account for this result, for example, because 11S has a higher
number of disulfide bonds. It is expected that the secondary
structure is affected in the presence of 10 mM of 2-
mercaptoethanol, as has been confirmed previously by circular
dichroism."" The change in secondary structure might affect the
conformation of protein molecules on the surface upon
adsorption, this in turn enhances the interactions of hydro-
phobic amino acids with the substrate and facilitates the
exposure of hydrophylic units away from the surface. Because
7S protein molecule contains carbohydrate moieties,*®
unfolding of the molecule via 2-mercaptoethanol or denatura-
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tion with urea, drives adsorption to minimize the interactions of
the hydrophilic carbohydrate moieties with the hydrophobic
surface. This can explain why under the given conditions the
hydrophilicity is higher in the case of 7S treatment than for 118.

Overall the results show favorable interactions of the soybean
proteins with lignin and the ability of proteins to modify the
surface energy of the substrates upon adsorption. Further
exploration of these interactions is required to unveil novel uses
that combine these biomacromolecules. The favorable inter-
actions between lignin and the partially hydrophobic residues of
proteins and the resultant exposure of hydrophilic groups of the
protein in the presence of aqueous surrounding media suggests
that it is possible to apply these proteins onto, for example,
hydrophobic substrates (fibers, textiles, etc.) and obtain water-
wettable surfaces.

B CONCLUSIONS

Adsorption of soybean proteins glycinin (11S) and f-
conglycinin (7S) onto lignin surfaces and hydrophobic self-
assembled monolayers has been studied and compared. Our
results reveal different adsorption behaviors for each protein,
which highlights the complexity of protein adsorption onto
solid surfaces. A higher adsorption onto lignin films is observed
compared to cellulose. The changes in water contact angle
(wettability) of the lignin surfaces upon soybean proteins
adsorption imply that once in contact with lignin these proteins
can spread on the surface and change its wettability; it is thus
anticipated a better contact between wood surfaces and an
improved adhesion in respective composites. Overall, favorable
interactions with hydrophobic substrates were measured, which
could be used as rationale for the application of soy proteins in
surface modification.
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Additional information as noted in the text. This include soy
fractions nitrogen and protein contents; a description of the
preparation of lignin thin films; AFM images of polystyrene
support and lignin films; as well as contact angles and details
about the model used to calculate the adsorbed mass by using
quartz crystal microbalance. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: ojrojas@ncsu.edu. Tel. +1-919-5137494.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are thankful for funding support provided by the
United Soybean Board (USB) under Projects 2490 and 2466.

B REFERENCES

(1) Schmitz, J. F.; Erhan, S. Z.; Sharma, B. K; AJohnson, L.; Myers,
D. ], In Soybeans: Chemistry, Production Processing, and Utilization;
Johnson, L. A,, White, P. J., Galloway, R., Eds.; AOCS Press: Urbana,
IL, 2008; pp 539—612.

(2) Badley, R. A.; Atkinson, D.; Hauser, H,; Oldani, D.; Green, J. P.;
Stubbs, J. M. Biochim. Biophys. Acta, Protein Struct. 1975, 412, 214—
228.

(3) Peng, L C; Quass, D. W,; Dayton, W. R;; Allen, C. E. Cereal
Chem. 1984, 61, 480—490.

205

(4) Wu, S;; Murphy, P.; Johnson, L.; Fratzke, A.; Reuber, M. J. Am.
Oil Chem. Soc. 1999, 76, 285—293.

(5) Deak, N. A.; Murphy, P. A; Johnson, L. A. J. Food Sci. 2006, 71,
C413—-C424.

(6) Swain, S. N.; Biswal, S. M.; Nanda, P. K; Nayak, P. J. Polym.
Environ. 2004, 12, 35—42.

(7) Goli, K. K;; Rojas, O. J.; Genzer, J. Biomacromolecules 2012, 13,
3769-3779.

(8) Goli, K. K; Rojas, O. J; Ozgam, A. E; Genzer, ]J.
Biomacromolecules 2012, 13, 1371—1382.

(9) Li, X;; Pelton, R. Ind. Eng. Chem. Res. 2005, 44, 7398—7404.

(10) Fahmy, Y.; El-Wakil, N. A;; El-Gendy, A. A.; Abou-Zeid, R. E.;
Youssef, M. A. Int. ]. Biol. Macromol. 2010, 47, 82—85.

(11) Salas, C.; Rojas, O. J,; Lucia, L. A,; Hubbe, M. A.; Genzer, J.
Biomacromolecules 2012, 13, 387—396.

(12) Jin, H,; Lucia, L. A;; Rojas, O. J.; Hubbe, M. A.; Pawlak, J. J. J.
Agric. Food. Chem. 2012, 60, 9828—9833.

(13) Norgren, M.; Notley, S. M.; Majtnerova, A.; Gellerstedt, G.
Langmuir 2006, 22, 1209—1214.

(14) Norgren, M.; Girdlund, L.; Notley, S. M.; Htun, M.; Wagberg,
L. Langmuir 2007, 23, 3737—3743.

(15) Tammelin, T.; Osterberg, M.; Johansson, L.-S.; Laine, J. Nord.
Pulp. Pap. Res. J. 2006, 21, 444—450.

(16) Notley, S. M,; Norgren, M. Langmuir 2006, 22, 11199—11204.

(17) Kawamoto, H.; Nakatsubo, F.; Murakami, K. Mokuzai Gakkaishi
1992, 38, 81—84.

(18) Yang, B.; Wyman, C. E. Biotechnol. Bioeng. 2006, 94, 611—617.

(19) Yang B.; Wyman C. E. U.S. Patent. 2011/0076725A1, Mar. 31,
2011.

(20) Hoeger, L. C.; Filpponen, I; Martin-Sampedro, R.; Johansson,
L-S,; f)sterberg, M,; Laine, J.; Kelley, S.; Rojas, O. J. Biomacromolecules
2012, 13, 3228—3240.

(21) Frihart, C.; Hunt, C. In Wood Handbook—Wood as Engineering
Material; General Technical Report FPL-GTR-190 ; U.S. Department
of Agriculture, Forest Service, Forest Products Laboratory: Madison,
WI, 2010, pp 10—1—10—24.

(22) Rushton, M. Update on Lignol’s Biorefinery Technology and
Applications in the Pulp and Paper Industry. 2009. TAPPI
International Bioenergy and Bioproducts Conference. http://www.
tappi.org/Hide/2009-International-Bioenergy-and-Bioproducts-
Conference.aspx (accessed 12-06-2012),

(23) Baker, F. S. Low Cost Carbon Fiber from Renewable Resources.
2009. DOE Hydrogen Program and Vehicle Technologies Program
Annual Merit Review and Peer Evaluation Meeting. http://www].eere.
energy.gov/vehiclesandfuels/pdfs/merit_review_2009/light-weight
materials/Im_03_baker.pdf (acessed 12—06—2012).

(24) Adachi, M.; Kanamori, J.; Masuda, T.; Yagasaki, K.; Kitamura,
K,; Mikami, B.; Utsumi, S. Proc. Natl. Acad. Sci. U.S.A. 2003, 100,
7395—7400.

(25) Koshiyama, 1. Cereal Chem. 1968, 45, 394—404.

(26) Maruyama, N.; Sato, R;; Wada, Y.,; Matsumura, Y.; Goto, H,;
Okuda, E,; Nakagawa, S.; Utsumi, S. J. Agric. Food. Chem. 1999, 47,
5278-5284.

(27) Ward, M. D.; Buttry, D. A. Science 1990, 249, 1000—1007.

(28) Rodahl, M.; Kasemo, B. Sens. Actuators, A 1996, 54, 448—456.

(29) Rodahl, M.; Kasemo, B. Sens. Actuators, B 1996, 37, 111—116.

(30) Sauerbrey, G. Z. Phys. A: Hadrons Nucl. 1959, 155, 206—222.

(31) Johannsmann, D.; Mathauer, K; Wegner, G.; Knoll, W. Phys.
Rev. B: Condens. Matter 1992, 46, 7808—7815.

(32) Jung, L. S.; Campbell, C. T.; Chinowsky, T. M.; Mar, M. N;
Yee, S. S. Langmuir 1998, 14, 5636—5648.

(33) Shen, F. Affinity Interaction between Hexamer Peptide Ligand
HWRGWYV and Immunoglobulin G Studied by Quartz Crystal
Microbalance and Surface Plasmon Resonance. Ph.D. Dissertation.
North Carolina State University, Raleigh, NC, May 2010.

(34) Orelma, H.; Filpponen, L; Johansson, L.-S.; Laine, J.; Rojas, O. J.
Biomacromolecules 2011, 12, 4311—4318.

(35) Hook, F.; Kasemo, B.; Nylander, T.; Fant, C.; Sott, K; Elwing,
H. Anal. Chem. 2001, 73, 5796—5804.

dx.doi.org/10.1021/am3024788 | ACS Appl. Mater. Interfaces 2013, 5, 199—206


http://pubs.acs.org
mailto:ojrojas@ncsu.edu
http://www.tappi.org/Hide/2009-International-Bioenergy-and-Bioproducts-Conference.aspx
http://www.tappi.org/Hide/2009-International-Bioenergy-and-Bioproducts-Conference.aspx
http://www.tappi.org/Hide/2009-International-Bioenergy-and-Bioproducts-Conference.aspx
http://www1.eere.energy.gov/vehiclesandfuels/pdfs/merit_review_2009/light-weight_materials/lm_03_baker.pdf
http://www1.eere.energy.gov/vehiclesandfuels/pdfs/merit_review_2009/light-weight_materials/lm_03_baker.pdf
http://www1.eere.energy.gov/vehiclesandfuels/pdfs/merit_review_2009/light-weight_materials/lm_03_baker.pdf

ACS Applied Materials & Interfaces

Research Article

(36) Kinsella, J. J. Am. Oil Chem. Soc. 1979, 56, 242—258.

(37) Lora, J. H; Wu, C. F; Pye, E. K; Balatinecz, J. J., In Lignin:
Properties and Materials, American Chemical Society: 1989; Vol. 397,
pp 312—-323.

(38) Norde, W.; Anusiem, A. C. L. Colloids Surf. 1992, 66, 73—80.

(39) Nakanishi, K.; Sakiyama, T.; Imamura, K. J. Biosci. Bioeng. 2001,
91, 233—244.

(40) Sun, X. S.; Wang, D.; Zhang, L; Mo, X; Zhu, L.; Bolye, D.
Macromol. Biosci. 2008, 8, 295—303.

(41) Deak, N.; Murphy, P.; Johnson, L. J. Am. Oil Chem. Soc. 2007,
84, 137—149.

(42) Tanford, C. J. Am. Chem. Soc. 1964, 86, 2050—2059.

(43) Suzawa, T.; Shirahama, H.; Fujimoto, T. J. Colloid Interface Sci.
1983, 93, 498—503.

(44) Huang, W.; Sun, X. J. Am. Oil Chem. Soc. 2000, 77, 101—104.

206

dx.doi.org/10.1021/am3024788 | ACS Appl. Mater. Interfaces 2013, 5, 199—206



