
Abstract 

SALAS ARAUJO, CARLOS LUIS. Soy-based Polymers for Surface Modification and 

Interactions with Lignocellulosic Materials. (Under the direction of Orlando J. Rojas and 

Lucian Lucia). 

 

Recent environmental concerns about the use of synthetic materials that are often 

used to maintain our quality of life has triggered a significant amount of research to develop 

new technologies and to adopt sustainable, bio-based materials. Cellulose, lignin and other 

plant-derived macromolecules including proteins from soybeans have witnessed recent, 

renewed interest by the industrial and scientific communities. For example, soybean proteins 

have been proposed for a variety of applications, including wood adhesives, bio-plastics, 

composites and functional materials that may include synthetic polymers. Despite its 

importance in such systems or materials, very little is known about the fundamental nature of 

the interactions between soy proteins and other polymers. Therefore, this work addresses this 

issue by a systematic investigation of the interactions between soy proteins with the two most 

abundant macromolecules in the biosphere, namely, cellulose and lignin and with the most 

widely used synthetic polymer, polypropylene (PP). 

The adsorption of the main soy protein globulins, glycinin (11S) and β-conglycinin (7S), was 

studied by using ultrathin films of cellulose, lignin and PP (as well as reference silica and 

organic self-assembled monolayers (SAMs) surfaces) that were used as substrates. The extent 

and dynamics of adsorption was monitored by using quartz crystal microgravimetry with 

dissipation (QCM-D), surface plasmon resonance  (SPR) as well as complementary 

techniques including circular dichroism (CD) and atomic force microscopy (AFM). 

QCM-D experiments indicated that soy protein adsorption was strongly affected by changes 

in the physicochemical environment. An increased adsorption of glycinin on silica (by 13%) 



and cellulose (by 89%) was observed with the increased ionic strength of the aqueous 

solution, from 0 to 0.1 M NaCl.  This highlights the relevance of electrostatic interactions in 

the adsorption  process. In contrast, the adsorption of β-conglycinin was reduced (by 25 and 

57 % on silica and cellulose, respectively). Similarly, the addition of 10 mM of 2-

mercaptoethanol (a denaturing agent) reduced the mass adsorbed for both proteins. 

The amounts of 11S and 7S adsorbed on lignin and self-assembled 1-dodecanethiol 

monolayers were higher when the protein was in the native state if compared to that after 

chemical denaturation (by using urea and 2-mercaptoethanol). Urea-denatured proteins 

adsorbed more extensively onto the hydrophobic SAM monolayes. The reduction in water 

contact angle after protein adsorption (40 and 35 for native 11S and 7S, respectively) 

suggests strong nonspecific interactions between the protein and the substrates, favoring 

conformational changes at the interface that contribute to exposure and rearrangement of 

hydrophobic and hydrophilic amino acid residues. 

The adsorption on polypropylene thin films and nonwovens of different grades of soy 

proteins in their native as well as thermally-denatured states, including purified glycinin and 

β-conglycinin as well as commercial soy flour and isolate was investigated at 25 C in PBS 

buffer (pH 7.4). It was found that application of a primer layer of a cationic surfactant, 

dioctadecyldimethylammonium bromide (DODA) dramatically enhanced protein adsorption, 

which resulted in fully wettable systems. Fluorescence imaging experiments with tagged 

proteins confirmed the contribution of a fully-covering layer facilitated by the cationic 

surfactant pre-treatment. Furthermore, complementary wicking tests indicated that the 

nonwoven fabrics absorbed a significant amount of water (25 times their weight) when the 

fibers carried pre-adsorbed proteins. 



Finally, in order to illustrate the effect of proteins-lignin interactions, their mixtures in 

aqueous alkaline media were used to produce electrospun nanofibers. Defect-free fibers with 

SEM diameters ranging 170 to 400 nm were achieved using poly(ethylene oxide) as a 

coadjutant. Overall, the results indicate a good compatibility between lignin and the amino 

acid chains in soy proteins, which are facilitated by hydrogen bonding and hydrophobic 

effects. 
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1 Introduction 

1.1 Proteins 

Plant proteins are composed of amino acids with varying composition but typically 

they include about 20 amino acids the sequence of which is specified by the genetic 

pathways in plant biosynthesis. The amino acids are differentiated by the structure and 

chemistry of their side groups, which in turn affect the properties of polypeptides and 

proteins as determined by  OH, COO
-
, NH3

+
, SH groups.

1
 Due to the different 

hydrophobicity of the respective side group, proteins can be classified as amphiphilic 

macromolecules.
2
  The structure of the proteins also depends upon the properties of the 

amide linkages between the amino acid groups.  

The primary structure of proteins is given by the sequence of amino acids in the 

protein; this sequence can be thought as a chain formed by polymerization of the amino acids 

where each of them forms a residue. The conformation of polypeptides chains is described by 

torsion angles around the -carbon of an amino acid, indicated as phi () and psi (). Since 

these two angles vary depending on each amino acid residue in the protein, the number of 

possible conformations of the molecules is very high. The secondary structure of proteins 

refers to an arrangement of polypeptides stabilized by hydrogen bonds. It consists in the first 

place of the  sheets that are formed by fully extended chains of polypeptides linked by 

hydrogen bonds. The  helix constitutes the second major structural element of proteins; it 

involves a number of amino acids and 18 residues every five turns of the helix (3.6 amino 

acids per turn). The tertiary structure describes the three-dimensional arrangement of all 
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amino acid residues in the polypeptide chain. Independent tertiary structures can combine to 

form the quaternary structure, which refers to an association of multiple polypeptide chains 

(protein subunits). For instance  helices (right handed alpha helix) can coil around each 

other forming a super-helix also known as coiled structure. The  sheets can also form  

turns.
1
 

1.2 Intermolecular forces and other factors that affects protein structure 

The interactions that define protein structure and their behavior include van der Waals 

and electrostatic interactions as well as hydrogen bonding and hydrophobic effects. The 

electrostatic interactions are long-range interactions that occur among particles or surfaces 

carrying different charges (leading to attractive forces) or similar charges (leading to 

repulsive forces). Electrostatic forces are the strongest of all physical forces.
3
   

In aqueous solution, the charged amino acids in the proteins locate at the surface of 

the protein in contact with the surrounding environment.
4
 The solution pH at which the 

charges in the molecule are balanced is called isoelectric pH or isoelectric point. At the 

isoelectric point the electrostatic interactions favor a more compact structure, above or below  

the isoelectric pH the protein structure a less compact structure is expected, however the 

electrostatic interactions will depend upon the distribution of charged residues in the outer 

surface of the protein and the presence of electrolytes in solution. 
5
  

1.2.1 Hydrogen bonding 

Hydrogen bonding is formed between an electronegative atom such as oxygen, 

nitrogen, chloride or fluoride (providing the negative end of a dipole) and a hydrogen 

covalently bounded to another electronegative atom.
3
 The distinct behavior of water induced 
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by the uneven distribution of charges in the molecule is a consequence of strong hydrogen 

bonding.
3, 6

 Amino acids in proteins form hydrogen bonds with one another  and with 

surrounding water molecules, that is why it plays a prominent role in the folding of proteins 

and also in the hydration layer surrounding the molecules when dissolved in water. 
1
 The 

strength of most hydrogen bonds is of about 10 to 40 kJ/mol ( 4kT to 16kT respectively). 
1, 3

  

1.2.2 van der Waal Forces 

van der Waal forces include those originating between permanent dipoles (also 

known as Keesom  interactions); between induced dipoles (London or dispersion 

interactions) and interactions involving permanent and induced dipoles (Debye interactions).  

London forces play an important role in the stability of colloidal systems as well as in the 

stability of the structure of proteins. In general van der Waal forces are attractive but London 

dispersion forces can be also repulsive.
3, 6

 

The more ubiquitous dispersion forces arise from the motion of electrons within the 

atoms. This movement of atoms creates a temporary dipole in the molecule that in turn 

interact with the electric field of neighboring molecule(s), this is called molecular 

polarization. Dispersion forces are effective from distances ranging from 0.2 nm to 10 nm 

and are weaker than covalent bonds. They are generally classified as long ranged but are 

shorter in range when compared to double layer interactions. The strength of dispersion 

forces between two bodies is affected by the distance of separation, the surrounding medium 

and the presence of others bodies nearby.
3
 The van der Waals interactions between 

macroscopic bodies can be estimated through the Hamaker summation method which 

assumes pairwise additivity ( i.e. the interaction can be obtained by summing up all pair 
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potentials between the atoms and interacting bodies), or through the more precise Lifshitz 

theory that considers the interacting bodies as a continuous media, the interactions arising 

from the interference between the electromagnetic fields of each body. 
7
 

1.2.3 Hydrophobic effect and hydrophobic interactions 

The hydrophobic effect originates when non-polar molecules that are incapable of 

forming hydrogen bonds interact with water. Because of the strong internal cohesion in water 

structure due to the presence of hydrogen bonds, the water molecules tend to rearrange 

themselves around non-polar substances in such a way to minimize the overall energy of the 

system. This leads to high order structuring of the water molecules surrounding the non-polar 

solute, an effect that has been shown to be entropy-driven.
1
 When hydrophobic molecules are 

in an aqueous environment they prefer to interact with each other rather than with water, this 

associations are known as the hydrophobic effect, and it is the main cause of spontaneous 

association of amphiphilic molecules in solution,
8
 also responsible for the folding of globular 

proteins in solution.
3, 4

 

1.3 Soybean proteins 

Soybean proteins are composed of storage proteins with no biological activity in the 

seed, there are also other proteins in soybeans that are biologically-active, the lipoxygenases 

and tripsin inhibitor.
9
 Storage protein are globulins that precipitate at pH 4.5-4.8 and account 

for 65-80% of the seed protein.
10

 The storage proteins have been classified according to their 

sedimentation constant as 7S (β-conglycinin) and 11S (glycinin). The amino acids 

composition in soybean proteins is presented in table 1.1.
10
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Table 1.1. Amino acid composition of soybean proteins.
10

 

Aminoacid Glycinin (11S) -Conglycinin 

Triptophan 1.5 0.3 

Lysine 5.7 7.0 

Histidine 2.6 1.7 

Arginine 8.9 8.8 

Asparagine 13.9 14.1 

Threonine 4.1 2.8 

Serine 6.5 6.8 

Glutamic acid 25.1 20.5 

Proline 6.9 4.3 

Glycine 5.0 2.9 

Alanine 4.0 3.7 

Cysteine 1.7 0.3 

Valine 4.9 5.1 

Methionine 1.3 0.3 

Isoleucine 4.9 6.4 

Leucine 8.1 10.3 

Tyrosine 4.5 3.6 

Phenylalanine 5.5 7.4 

  

 Extensive research have been carried out in the fractionation, purification and 

characterization of soybean storage proteins.
11-22

 Recently some procedures for fractionation 

and purification of these globulins on a pilot plant scale have been proposed.
17, 18 

Physicochemical properties of soybean globulins have been studied and reported,
10, 13, 

23-38
 7S globulins exists as a monomer at pH 7.6 and 0.5 ionic strength with a molecular 

weight of 180-210 kDa.  At lower ionic strength (0.1 M) the protein has a sedimentation 

constant of about 9S and a higher molecular weight of 370 kDa, which has been reported to 

be a dimer.
24, 26

 The 7S protein is composed of three subunits (Mw 57-760 kDa), ’(Mw 

57-83 kDa ) and β(Mw 42-53 kDa ) with the content of each one roughly accounting for 

40%, 30% and 30 wt%,  respectively. Soybean 11S globulin (glycinin) has a molecular 
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weight of 320 to 350 kDa
23

 and its quaternary structure is formed by 12 subunits arranged in 

a dimer of six units each. Three of these subunits are acidic (denoted as A1, A2,A3) with 

reported molecular weight of 34.8 to 40 kDa and the remaining three are basic (denoted 

B1,B2,B3) with molecular weight of 19.6 to 20 kDa.
25

 The acidic subunits contains only 

leucine, isoleucine and phenylalanine as N-terminals and the basic ones contain glycine.
25

 

The content of glutamic acid, half cysteine and proline aminoacids is higher in the acidic 

subunits compared to the basic ones. It has been reported that 11S contains eight glycine, two 

phenylalanine and two leucine amino terminal residues per mole.
23, 25

 The isoelectric point of 

soy globulin 7S is of 4.9
24

 whilst that for 11S is of 4.64.
23

 The reported isoelectric point of 

the acidic subunits is between 4.7 to 5.4 and  between 8 to 8.5 for the basic subunits. Both of 

these proteins can form disulfide linkages; however glycinin have a larger amount of half 

cysteine per mole of protein (48 mol/mol
23

) compared to 7S globulins (4 mol/mol of 

protein
24

). The presence of disulfide linkages has an important role on the physical properties 

of soybeans, but particularly  their solubility. 11S protein forms reversible association 

polymers at pH 7.5 when ionic strength (NaCl) decreases from 0.5 to 0.1M. 

Soybean proteins polypeptides are tightly folded with some un-structured regions. 

Both 7S and 11S proteins show a high content of random coil structure and a low content of 

ordered structure.7S protein contain a 5%  helix, 35 % β structure and 60 % random coil. 

11S proteins show a secondary structure with 5.2 %   helix, 34.8 % β structure and 60 % 

random coil. 
31, 39
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1.3.1 Industrial uses of soybean proteins 

Some of the industrial uses of soy proteins include the manufacture of plastics, 

adhesives, binders in paper, paint coatings and composites.
40

  Applications of soy proteins on 

uses other than foods require a good knowledge of their physicochemical and thermal 

properties. 

Soy protein products commercially available include soy flours, concentrate and 

isolates with protein content of 56, 65 and 90 wt%, respectively. Due to their high protein 

content and their thermal behavior, soy protein isolates have been used for the manufacture 

of adhesives and films.
41 

Optimum film formation from soy protein isolates was possible by 

changes in pH.
42, 43

  Plastic molding from soy isolate and soy concentrate have been studied 

since as early as the 1930s.
40, 44-46

 Since then, several blends of soy proteins with synthetic 

polymers have been tested and reported, also with current special attention on cellulose-

reinforced composites. Recently cellulose nanocrystals were used to reinforce soy protein 

isolate plastics.
47, 48

 Paper coatings and surface treatments are among the largest industrial 

applications of soy proteins
40

. 

1.4 Adsorption of proteins at solid surfaces 

Adsorption of proteins on solid surfaces and related interactions has been studied due 

to its importance in different fields such as biotechnology, biomedical applications, biosensor 

development, biology and food processing. Some examples relevant to the topic include the 

development of enzyme-linked immunoassays, surgical implants, chromatographic 

separators and uses in antifouling membranes, bioreactors (biofouling), heat exchangers, 

pipelines and other components used in the food processing industries.  
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For a better understanding of the behavior of proteins at interfaces it is necessary to 

consider the role of protein structure and protein stability upon adsorption and the factors that 

regulate such stability
49

 including hydrophobic interactions, double layer and van der Waals 

interactions as well as hydrogen bonding.
5
 Proteins that display large conformational changes 

upon adsorption are considered as soft whereas those displaying very limited conformational 

changes are referred as hard proteins.
5, 49, 50

 

Different techniques have been used to evaluate the adsorption of proteins on solid 

surfaces, including but not limited to:
49, 51

 

 Depletion methods. 

 Ellipsometry. 

 Fourier transform Infrared (FTIR) spectroscopy. 

 Enzyme-linked immune-sorbent assay (ELISA). 

 Total internal reflection fluorescence (TIRF). 

 Atomic force microscopy (AFM). 

 Neutron reflection. 

 Optical waveguide light-mode spectroscopy (OWLS) 

 Circular Dichroism 

 Quartz crystal microbalance (QCM). 

 Surface Plasmon Resonance (SPR). 

Although the principles can be different for each technique, the objective is the same, 

i.e., to evaluate the adsorption process and obtain information about the amount of mass 

adsorbed, the configuration of adsorbed protein layers, the reversibility of the adsorption 
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process and the state and conformation of the protein molecules on the surface. Also, it 

important to consider the effect of variables such as solvency, pH, temperature and ionic 

strength. The properties of the solid surface are obviously important in the adsorption 

process, namely surface energy (hydrophilicity, hydrophobicity), morphology 

(homogeneous/heterogeneous), surface charge density, topography of the surface 

(roughness), etc.
51, 52

 

In this work the techniques used to monitor protein adsorption were mainly quartz 

crystal microbalance, surface plasmon resonance and circular dichroism. Atomic Force 

microscopy, contact angle and ellipsometry were also used as complementary techniques. 

The reversibility of  protein adsorption has been the subject of intensive research. The 

high affinity of proteins toward solid surfaces usually leads to very low desorption rates after 

dilution of the system. Although the debate still remains, at least within experimental time 

scales used during reported studies, the desorption process is much slower than the 

adsorption one.
5, 50, 53

 Norde et al.
54

 pointed out the convenience of distinguishing between 

irreversibility depending upon different effects: dilution of the solution, pH changes, the 

presence of low molecular weight substances (surfactants, electrolytes), and exchange or 

displacement of the adsorbed protein by other proteins dissolved  in solution.  

The thermodynamics of the adsorption process indicates that adsorption occurs only 

if the change in Gibbs energy (defined according to equation 1.1) at constant pressure and 

temperature of the system is negative:
2, 4, 5

 

                                                                                                           (1.1) 
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where G, H, S, T refer to the Gibbs free energy, enthalpy, entropy and temperature 

respectively. 

Although some attempts have been made to obtain meaningful values for 

             based on fittings of the adsorption isotherm to the Langmuir model, the results 

have been a point of controversy because of the irreversibility of the adsorption process. It is 

well known that one of the assumptions of the Langmuir model is the reversibility of the 

adsorption process. If this condition is not met, as in the case of proteins, an equilibrium 

constant to define the adsorption on solid surfaces, even if the experimental results fit a 

mathematical model, has no physical meaning. Therefore, related parameters should be read 

carefully.
5
 Calorimetry has been the technique of preference to evaluate the change of 

enthalpy during adsorption (            ). The values obtained after evaluation of the 

adsorption of different proteins on different substrates indicate a positive change in 

enthalpy.
55

 This means that in order to produce a negative change in the adsorption Gibbs 

free energy, the process has to involve an increase in entropy due to restructuring of the 

water surrounding  the protein molecules (hydration layer)
5, 55

   Other issue of interest is the 

evaluation of the kinetics of protein adsorption. The adsorption of proteins onto solid 

surfaces is a dynamic process involving different steps, including: 1) transport of the 

molecules from the bulk to the surface; 2) binding to the surface; 3) rearrangement of protein 

molecules at the surface; 4) desorption and 5) transport to the bulk. 
2, 56

 The first and fifth 

steps are dependent on the solution concentration and the diffusion coefficient of the 

molecules in the medium, whereas the second, third and four steps are related to the 
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properties of the proteins and the sorbent surface. Some models have been proposed to 

illustrate the kinetics of the adsorption process; a simple model is illustrated in Figure 1.1. 

 

 

Figure 1.1. Simple schematic illustration of the kinetic process involved in protein 

adsorption. ks, ka, kd, kc represent the rate constants for irreversible adsorption, adsorption, 

desorption, and spreading (reconformation), respectively. If proteins adsorb following ks 

pathway, the process is irreversible. If adsorption follows ka and kd pathways the adsorption 

is assumed slightly reversible but changes in conformation (kc pathway) will turn it 

irreversible. Concentration at the interface is indicated by “ci”. Adapted from Ramsden.
57

 

 

1.5 Monitoring of protein mass adsorbed at solid/liquid interfaces 

As mentioned in the foregoing discussion, there are different experimental techniques 

to assess the adsorption of proteins on solid surfaces. A brief description of the techniques 

used in this work, namely quartz crystal microbalance, surface plasmon resonance and 

circular dichroism, is provided in the next sections. 

1.5.1 Quartz crystal microbalance (QCM) 

The quartz crystal microbalance is based on the response of piezoelectric quartz 

crystal to the application of an external electrical potential. Typically the crystal is a thin 

quartz disk with electrodes plated on its back. In the QCM an oscillating electric field applied 

to the crystal induce the propagation of a wave (an acoustic wave) through the crystal in the 
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direction perpendicular to the crystal’s surface. The crystal must have a specific orientation 

respect to the crystallographic axes, typically for QCM studies the quartz crystals have an 

AT-cut of 3515’, this cut is preferred because is less sensitive to temperature changes 

around ambient temperature. The particular behavior of the  AT orientation shows that when 

an electric field is applied it develops a shear wave along the thickness direction, leading to 

lateral motion of the surface.
58

 By including the crystal into an oscillation circuit a resonant 

oscillator is reached when the mechanical and electric oscillations are near the fundamental 

frequency of the crystal. This fundamental frequency depends on the thickness, chemical 

composition, mass and shape of the crystal whereas the oscillation frequency depends on the 

properties (density and viscosity) of the medium adjacent to the crystal and properties of the 

crystal itself, such as density and shear modulus of the quartz.
59

 The frequency range for the 

fundamental mode of quartz is between 5 and 20 MHz and commercial QCM devices 

typically operate in the 5–10 MHz range.
58

 

The change in oscillating frequency is related to the mass adsorbed by the Sauerbrey 

equation 
60

 (equation 1.2)  

     
  

 
          (1.2) 

where m refers to the change of mass adsorbed, f refers to the shift in frequency upon 

adsorption or desorption and n is the overtone number (1, 3, 5, 7, etc.). This model is valid 

under the following assumptions: 1) The mass adsorbed is smaller than  the crystal mass, 2) 

the mass is adsorbed rigidly and 3) the adsorbed mass is well distributed over the crystal. It 

has been pointed out
61, 62 

that on a liquid phase the frequency depends not only on the mass 
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adsorbed but also on the viscosity and density of the liquid. The energy dissipation D is 

related to the frequency f and the decay time τ by equation 1.3.: 

  
 

   
 

           

         
                   (1.3) 

 where τ is obtained by periodically disconnecting the oscillating crystals from the main 

circuit via a computer-controlled relay. The factor D accounts for energy dissipation due to 

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 stored by the systems at the interface on the quartz crystal. Highly viscoelastic 

adsorbed layers produce high dissipation values whereas rigidly adsorbed layers produce low 

dissipation.
61, 62

  An schematic view of the signals obtained in a QCM experiment and the 

gold-coated sensor surface is depicted in figure 1.2. 
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Figure 1.2. Top: Illustration of the gold-coated quartz crystals used in QCM experiments. 

Bottom left: Change in oscillation frequency as a function of time when mass is adsorbed on 

the surface. Bottom right: Change in frequency as a function of time as the adsorption 

proceeds. 

 

1.5.2 Surface Plasmon Resonance (SPR) 

The sensitivity of the SPR technique to detect small changes in refractive index (~10
-

6
) within time resolution of the order of milliseconds

63
 have proved useful in biosensing 

applications.
64, 65

  Surface plasmon resonance occurs in the visible spectra at the surface of 

free-electron metals such as gold or silver, when the thickness of the metal film is a small 

fraction of the incident’s light wavelength.
64

 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. An evanescent electric field that decays exponentially 

with the distance from the surface with a decay length of 0.2 to 0.3 the wavelength of the 

light is formed; this field interacts strongly with the surface of the metal.  Even small changes 
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in the refractive index at the metal-surrounding medium interface will influence the SPR 

angle. 
63, 64

 In general adsorbed layers produce a shift in the SPR angle, which can be 

modeled through mathematical algorithms to produce an optical thickness of the coating that 

can be further used to calculate the thickness of the layer, provided that the refractive index 

of the layer is known.
65

 SPR instruments can run in either continuous or batch mode and also 

in angular scan (angle shift as a function of wavelength) or at fixed angles where the 

reflectivity is monitored at a given angle of incidence (see figure 1.3). 

 

 

Figure 1.3. SPR curves after adsorption from solution. a) Shift in angle (from 1 to 2) upon 

adsorption from solution as monitored in angular scan mode. b) Shift in intensity after 

adsorption from solution when SPR is operated at a fixed angle (suitable for studies of 

adsorption kinetics). Adapted from Sinner et al.
65
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The response (change in reflectivity) of the sensor to adsorbed mass (SPR signal) is 

expressed in resonance units or angle shift (Δθ).
63

  The thickness of the adsorbed protein 

layer can be determined by using equation 1.4.
63

  

  
  

 

  

        
                                                       (1.4) 

where d is the thickness of adsorbed layer, ld 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 for the sensor obtained by calculating the slope of a Δθ 

calibration curve for a series of solutions of different concentrations and known refractive 

indices.
63

  o is the refractive index of the bulk solution and a is the refractive index of the 

adsorbed species (protein). The surface excess concentration  can be determined by using 

equation 1.5. 

                                                     (1.5) 

where  is the bulk density of the adsorbed species. 

1.5.3 Circular dichroism 

Circular dichroism (CD) is a technique that allows the determination of the secondary 

structure of the proteins in solution ( helices and  sheets) and inspection of the tertiary 

structure. Circular dichroism refers to the differential adsorption of the left (L) and right (R) 

components of plane polarized light. When polarized light passes through a sample, the two 

components (L and R) can be absorbed or not to equal extent. The recombination of L and R 

regenerate radiation polarized in the original plane, this resulting radiation have elliptical 

polarization.
66

 A CD instrument calculates the differential absorption of each component (L 
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and R), however the results are reported as ellipticity (), defined as    
   where b is the 

minor axis and a is the major axis of the resulting ellipse (see figure 1.4) 

 The CD signal is observed in optically active chromophores (chiral). The CD of 

proteins is due to the peptide bond (absorption below 240 nm), disulphide bonds (around 260 

nm) and aromatic residues (adsorption between 260 to 320 nm). 
66

The amide chromophore 

starts absorbing light in the far UV region, displaying the first band at 220 nm.
67

 Values of 

the ellipticity at 208 nm and 222 nm are usually used as a rough indication of the  helix 

content of the protein. 

 

 

Figure 1.4. a) Illustration of the two components of polarized light (L and R) showing the 

elliptical polarization. b) Circular dichroism signal of different structures in protein. Values 

of the ellipticity at 208 nm and 222 nm are usually used as a rough indication of the helix 

content of the protein. Adapted from Johnson 
67

 and Sinner 
65
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1.6 Preparation of model surfaces for adsorption studies 

Preparation of homogeneous and reproducible substrates is very important for adsorption 

studies. Functionalized surfaces and thin solid films of polymeric materials can be used as 

model substrates to study the interactions, for example polymers in solution, polyelectrolytes, 

surfactants, nanoparticles, proteins, etc. The techniques used to produce such model surfaces 

include: 

 Self-assembling. 

 Langmuir-Blodgett deposition. 

 Spin coating.  

 Dip Coating. 

 Spray Coating. 

 Chemical Vapor deposition. 

 Atomic layer deposition. 

 Thermal evaporation. 

 Sputtering. 

Self assembled monolayers and spin coating will be described briefly as they were the 

main techniques used in this work. 

1.6.1 Self assembled monolayers (SAM) 

Self assembled monolyers form when long chain alkanethiols adsorb to the surface of gold or 

alkylsilanes adsorb onto the surface of silicon or glass (hydroxylated surfaces). They produce 

a well ordered array of molecules on the surface. Applications of self assembled monolayers 

range from studies of protein adsorption and cell adhesion to micro-contact printing.
68
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Long-chain alkanethiols adsorb on gold from solution or vapor phase, the sulfur atoms 

coordinate to the gold atoms (111) on the surface to form a defined pattern of molecules on 

the surface with a well defined tilting from the normal to the surface (30).
68

 Good control of 

the SAM can be achieved by using mixtures of different thiols (mixed SAMs). Some 

advantages of the thiol SAM include their stability toward exposure to air or ethanol and 

resistance to contamination for long storage time. On the other hand SAMs from alkylsilanes 

(alkyltrichlorosilane or akyltriethoxysilane) form when these compounds are exposed to 

hydroxylate surfaces that react via hydroxyl groups. These SAMs are more thermally stable 

than alkylthiol SAM, however their drawback is that the amount of functional groups to 

attach to the surface is limited compared to alkylthiol SAMs.
68, 69

 

1.6.2 Spin coating 

The spin coating  technique is used to apply a uniform thin solid film onto a flat solid 

support. In most cases the coating material is a polymer solution from which the solvent is 

evaporated. 
70

 In a typical process, an excess of solution is applied to the substrate, then the 

substrate is spun at high speeds where the centrifugal force pushes the fluid outward, in the 

radial direction, forming a thin layer of solution from which the solvent slowly evaporates.
70

  

The final thickness of the film depends on variables such as polymer concentration in the 

initial solution, viscosity and surface tension of the solution, spinning speed and polymer 

diffusion coefficient. 

In the study of interactions of lignocellulosics materials with polymer and polyelectrolytes, 

the development of model substrates that can serve as a model surface, for example cellulose, 

hemicelluloses and lignin present in plant cell walls is very relevant. To this end, spin coating 
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have been the technique of preference to produce lignocellulosic model surfaces. For 

instance the preparation of model films of cellulose has been discussed in recent reviews. 
71-

73
 Details about different lignin film preparation has also been reported.

74
.
75, 76

  

1.7  Surface modification: Wetting  and contact angle 

As part of this dissertation is devoted to the study of surface modifications of hydrophobic 

nonwoven substrates it is convenient to understand the basic principles behind wetting of 

solid surfaces.  

Wettability is a critical property in everyday life as well as in many industrial processes as it 

dictates the ability of a solid surface to interact with the surrounding medium. The wettability 

is intimately related to the topology and composition of the surface.  The contact angle 

measures the wettability of a surface by a given fluid. The contact angle is closely related to 

the surface tension of a liquid and is a key property in phenomena such as detergency and 

coating.   The contact angle forms in the junction of the three phases, solid , liquid and  gas 

when a droplet of liquid comes into contact with a solid surface, as shown in figure 1.5  

 

 

Figure 1.5. Illustration of the contact angle at three phase junction point. 
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There are three forces that are balanced under equilibrium: surface tension of the liquid (LV), 

the surface tension of the solid (SV) and the interfacial tension at the solid-liquid interface 

(SL). The equilibrium forces balance in the horizontal direction, as described by equation 

1.6, also known as Young equation.
6, 77, 78

 

                                  (1.6) 

which can be rearranged to yield       
       

   
 

The main drawback of equation 1.7 is that it assumes an atomically smooth and chemically 

homogeneous surface, a condition difficult to achieve for real solid surfaces because they are 

rough and chemically heterogeneous at the nanoscale. This factors have been accounted for 

separately by Wenzel
79

 and Cassie and Baxter
80

 in what are called the Wenzel and Cassie-

Baxter regimes.  

In the Wenzel regime, the apparent ( measured) contact angle and the true contact angle  

are related by:  

                                (1.7) 

Where r is the roughness factor, defined as the ratio of the surface in contact with the liquid 

to the projection of this surface on the horizontal plane.
78

 The Wenzel regime applies to 

rough, chemically homogenous surfaces. Accordingly,  the Wenzel equation predicts an 

increase in either hydrophilicity (for hydrophilic surfaces, <90) or hydrophobicity (>90) 

with increase in surface roughness.
79

 
78, 81, 82

 

When the surface is chemically heterogeneous and porous, the Cassie-Baxter regime applies, 

as defined by: 
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                                                                                (1.8) 

Where fs is the fraction of the surface in contact with the liquid and (1- fs) is the fraction of 

the surface in contact with air.
80

 Both regimes are illustrated in figure 1.6. 

 

 

Figure 1.6. Illustration of the Wenzel regime (a) and the Cassie-Baxter regime (b) 

 

In reality both Wenzel and Cassie-Baxter regimes can be found as a combination in what is 

called a mixed-wetting regime. 
78, 81, 82

 

Real surfaces exhibit an advancing A and receding R contact angle as shown in figure 1.7, 

the  true contact angle will lie between the two (R<<A). The difference between the 

advancing and receding contact angle is known as the contact angle hysteresis, a 

consequence of heterogeneities of the surface and the irreversibility of the wetting-dewetting 

cycle.
78, 81

 

 

Figure 1.7. Illustration of advancing (A) and receding (R) contact angle. 

a) b)

A
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1.8 Biopolymers applications to produce nanocomposites: Electrospinning technique 

As mentioned before in section 1.3.1, there are different reported industrial uses for soybean 

proteins, including composite materials prepared by mixing soy proteins with different 

biopolymers such as cellulose. Chapter 6 of the dissertation includes the preparation of soy 

proteins and lignin nanofibers by electrospinning, therefore this section provides a brief 

description of electro spinning technique to produce nanofibers.  

Electrospinning technique allows the production of continuous fibers from submicron 

diameters down to nanometer. During the process a polymer solution is pumped through a 

capillary tube (nozzle) and a high voltage is applied between the nozzle and a metallic 

collector, due to the intensity of the electric field the polymer solution stretches at the tip of 

the capillary and forms a conical shape known as the Taylor cone. Mutual charge repulsion 

produces a force enough to overcome the surface tension of the liquid and a liquid jet is 

ejected from the nozzle. As the liquid jet travels in air, the solvent evaporates and the charged 

fibers formed lay randomly in the collector. Several variables affect the electrospinning 

process, including solution properties (viscosity, conductivity, surface tension), the intensity 

of applied voltage, distance between the tip of the capillary and the collector, and relative 

humidity of surroundings. 
83

 Several review articles have been devoted to the study of 

electrospinning process
84-89

 
90

and the literature in the field is ample. The importance of 

electrospun fibers arise from their high surface area which make them suitable for a variety 

of applications including tissue engineering, cosmetics, life science applications (e.g. wound 

dressing), filtration media, industrial applications in catalysis, nano devices, nanosensors and 

military protection clothing
87, 90

 
86
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The use of natural polymers alone or in combination with synthetic polymers to produce 

nanofibers by electrospinning have gained a lot of attention, some of the polymers studied 

include cellulose acetate, collagen, hyaluronic acid, chitosan, polylactic acid (PLA), silk 
89, 90

 

and soybean 
91-93

 proteins and lignin.
93-95

  One of the main challenges of using biopolymers is 

the variability of the properties and purity of the materials which depends on the source and 

previous purification processes, however the benefits of their use and final properties of 

electrospun mats overcome this issue.
89
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2  Research objectives 

The main objective of this work is to study the interactions of soybean proteins in 

solution with different substrates, from lignocellulosics (cellulose and lignin) model surfaces 

to hydrophobic synthetic polymers surfaces. The fact that proteins are amphiphilic molecules 

that have both hydrophilic and hydrophobic aminoacids and also amphoteric makes them 

suitable for applications in surface modification upon adsorption on solid substrates. To 

address these objectives, a set of parallel experiments was undertaken, employing 

complementary surface-sensitive methods. First, quartz crystal microbalance with dissipation 

was used to study the adsorption of soy globulins glycinin (11S) and -conglycinin (7S) onto 

silica and cellulose; the aim of this study is to provide better understanding of the 

fundamental mechanism involved in the  adsorption of soy proteins at interfaces, which will, 

in turn, result in optimal application of these proteins in cellulose modification and improved 

fiber performance in for example papermaking applications. This is explained in detail in 

chapter 3. Furthermore the interactions of soy proteins with lignin surfaces and a 

hydrophobic reference surface (1-dodecanethiol self-assembled monolayers on gold) were 

studied by using quartz crystal microbalance, surface plasmon resonance and contact angle 

measurements. Here the main objective is to obtain information about the mechanism of 

adsorption/wetting of soy proteins on lignin surfaces, since such understanding of lignin-

protein interactions is important for instance in wood adhesives, solid dispersions and also in 

papermaking applications. This work is reported in chapter 4. The modification of the surface 

of hydrophobic polypropylene nonwovens by physical adsorption of soybean proteins is 

addresed in chapter 5. The performance of crude soy proteins compared to that of 
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fractionated soy glycinin and β-conglycinin to increase the hydrophilicity and wettability of 

the hydrophobic substrates was studied by assessing the adsorption onto thin films of 

polypropylene by using quartz crystal microbalance and surface plasmon resonance. 

Afterwards the proteins were adsorbed onto polypropylene nonwoven substrates. The main 

goal of this study is to obtain highly wettable surfaces by low-cost deposition of soybean 

proteins (see Chapter 5). 

In the last chapter of this dissertation, the preparation and properties of electrospun 

nanofibers produced from soy protein and lignin is reported. The results indicate a synergistic 

interactions between lignin and soy proteins, as also demonstrated in chapter 4. The purpose 

of this work is to take advantage of these favorable interactions to produce new materials 

from low cost renewable sources.      
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3 Adsorption of Glycinin and -Conglycinin on Silica and Cellulose: 

Surface Interactions as a Function of Denaturation, pH, and Electrolytes 

3.1 Abstract 

Soybean proteins have found uses in different non-food applications due to their 

interesting properties. We report on the kinetics and extent of adsorption on silica and 

cellulose surfaces of glycinin and β-conglycinin, the main proteins present in soy. Quartz 

crystal microgravimetry experiments indicate that soy protein adsorption is strongly affected 

by changes in the physicochemical environment. The affinity of glycinin and the mass 

adsorbed on silica and cellulose increases (by ca. 13 and 89 %, respectively) with solution 

ionic strength (as it increases from 0 to 100 mM NaCl) due to screening of electrostatic 

interactions. In contrast, β-conglycinin adsorbs on the same substrates to a lower extent and 

the addition of electrolyte reduces adsorption (by 25 and 57 %, respectively).  The addition 

of 10 mM 2-mercaptoethanol, a denaturing agent, reduces the adsorption of both proteins 

with a significant effect for glycinin. This observation is explained by the cleavage of 

disulfide bonds which allows unfolding of the molecules and promotes dissociation into 

subunits that favors more compact adsorbed layer structures. In addition, adsorption of 

glycinin onto cellulose decreases with lowering the pH from neutral to pH 3 due to 

dissociation of the macromolecules resulting in flatter adsorbed layers. The respective 

adsorption isotherms fit a Langmuir model and QCM shifts in energy dissipation and 

frequency reveal multiple-step kinetic processes indicative of changes in adlayer structure.  
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3.2 Introduction  

Soy proteins comprise a large fraction of the raw bean weight (>50%).
1
 They include 

macromolecules with no biological activity, the so-called storage proteins as well as those 

with biological activity, i.e., lipoxygenates, tripsin inhibitor.
2
 Storage proteins are composed 

of globulins, which account for 65-80% of the seed protein and precipitate at pH 4.5-4.8.
3
 

They have been classified according to the sedimentation constant as 7S and 11S. The 7S 

fraction (conglycinin) is composed of three subunits, namely  (57-76 kDa), ’ (57-83 kDa) 

and β (42-53 kDa) with each accounting roughly for 40, 30 and 30 wt. % of the total, 

respectively. The 11S fraction (glycinin) has a molecular weight of 320-350 kDa and its 

quaternary structure is formed by 12 subunits forming a dimer.
4
 Three of the subunits are 

acidic (denoted as A1, A2, A3) with reported molecular weights of 34.8 to 40 kDa.  The 

remaining subunits three are basic (B1, B2, B3) with molecular weights ranging from 19.6 to 

20 kDa.
5
 The amount of half-cystine on glycinin molecule (48 mol/mol of protein)

4
 is larger 

than that of 7S globulins (of only 4 mol/mol protein).
6
 The isoelectric points of soy globulin 

7S and 11S are 4.9
6
 and 4.64,

4
 respectively. 11S protein forms reversible association 

polymers at pH 7.5 when the ionic strength decreases from 0.5 to 0.1 M NaCl.
4
   

Extensive research has been carried out on the fractionation, purification and 

characterization of soybean storage proteins,
7-13

 even at the pilot-plant scales.
11, 14

  The use of 

soy proteins is closely related to their solubility, hydration properties, gelation and interfacial 

activity, which, in turn, is governed by the structure and charge balance of the 

macromolecule. The effect of pH, ionic strength, and chemical modification on the functional 

properties of proteins has been studied extensively, especially in food applications.
15-19

 



 

35 

Likewise, non-food uses require a detailed knowledge of the physicochemical and thermal 

properties of soy proteins. The manufacture of plastics, adhesives, binders in paper, paint 

coatings and composites have been documented along with the molecular functionalities 

required.
20, 21

  Soy protein products available commercially include flours, concentrates and 

isolates with protein contents of 56, 65 and 90%, respectively. Due to their high protein 

content and thermal behavior, soy protein isolates have been used to manufacture adhesives 

and films.
21

   

Paper coatings and sizing are among the largest industrial applications of soy 

proteins.
20

 In a recent study, twenty proteins (including some soy-derived) and seven 

polypeptides were evaluated as additives to increase wet strength of paper.
22

 It was 

concluded that of all the proteins and polypeptides studied, those with a high content of five 

key amino acids (i.e., serine, threonine, arginine, lysine and histidine), produced the largest 

increase of paper peel strength. Interestingly, the latter three represent common basic amino 

acid residues (having more than one active amine group), whereas the first two are polar, but 

posses a pendant hydroxyl group. Both the amino and hydroxyl groups may provide active 

bonding sites within the amino acid backbone that contribute to increase in  peeling strength.  

In addition, the use of soy proteins as alternative paper strength additives was reported 

recently.
23

 The breaking length, tear index and opacity of paper increased by 24, 33and 

32%, respectively, after additions of up to 5 wt% of soy protein isolate denatured with urea 

and NaOH. However, despite these recent activities, little is known about the fundamental 

nature of protein-substrate interactions.  Such knowledge is needed to advance any promising 

performance of soy proteins as functional additives.  
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We studied the adsorption of synthetic amphoteric polymers, which share some 

attributes common to proteins.
24-27

 Compared to simple polyelectrolytes, high adsorption of 

random amphoteric polymers onto cellulose fibers was observed at pH values where the 

charges in the molecule were balanced, close to the isoelectric point. Some of the benefits 

attributed to such adsorption included a faster removal of water during the formation of paper 

and the improvement in paper dry strength.
28

   

Protein adsorption is anticipated to be more complex than that of synthetic 

polyampholytes. Factors related to molecular structure, stability and prevailing 

physicochemical conditions are most relevant here.
29

 For example, in a recent report the 

depletion method was used to study the adsorption of bovine serum albumin (BSA), -

lactoglobulin, lysozyme, gelatin and DNA onto the surface of microcrystalline cellulose.
30

  

Adsorption isotherms were obtained at 30C, pH 6.0 and ionic strength of 0.1 M, with gelatin 

yielding the highest adsorbed amounts. The results indicated that adsorption of BSA 

decreased with increasing ionic strength due to the dehydration of both the cellulose and the 

proteins. Also the effect of different salts on the adsorption of BSA was evaluated. 

Denaturation of BSA by urea (6 M solution concentration) rendered higher adsorbed 

amounts. The key effects involved the formation of molecular complexes, which, in turn, led 

to the formation of hydrogen bonds between the biopolymers and cellulose and, desorption of 

water bound to this substrate. Change in conformational entropy, hydrophobic interactions, 

Coulombic and van der Waals forces as well as hydrogen bonding have been identified as the 

most prominent effects that affect protein behavior at interfaces.
31
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In this work, we use quartz crystal microbalance with dissipation as well as 

complementary techniques to study the adsorption of soy globulins glycinin (11S) and -

conglycinin (7S) onto silica and cellulose. This study provide better understanding of the 

fundamental mechanism of adsorption of soy proteins at interfaces, which will, in turn, result 

in optimal application of these proteins in cellulose modification and improved fiber 

performance. 

3.3 Materials and Methods 

Defatted 7B soy flour was obtained as a gift from ADM (Decatur, IL). All chemicals 

employed were of analytical grade and were used without further purification.  Sodium 

hydroxide solid (certified ACS), 35 wt% hydrochloric acid solution, sodium phosphate 

monobasic anhydrous, sodium phosphate dibasic anhydrous, sodium chloride, tris base 

(molecular biology grade) and 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) 

were acquired from Fisher Scientific (Somerville, NJ). Mercaptoethanol (2-mercapto-

ethanol) was purchased from Sigma Aldrich (Milwaukee, WI). 

3.3.1 Soybean globulins: fractionation, purification and characterization. Proteins were 

fractionated from defatted soy flour according to the method of Nagano et al.
10

  Briefly, a 

desired amount of defatted soy flour was dispersed in water (15-fold volume excess), 

adjusted to pH 7.5 with 2N NaOH  and stirred until a well-homogenized dispersion was 

obtained. The slurry was then filtrated through a 180-mesh screen and the filtrate was 

centrifuged (9000-g) for 30 min (Beckman centrifuge, model J21C). After centrifugation the 

precipitate was discarded. Sodium bisulfite was added to the supernatant up to the 

concentration of 0.98 g/L, the pH was adjusted to 6.4 and the suspension was left at rest 
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overnight at 4 C on a cold bath. The suspension was centrifuged (6500-g) for 20 min at 4 

C, the precipitate constituted the 11S fraction (glycinin). Sodium chloride was added up to 

0.25 M to the supernatant and the pH adjusted to 4.8 using 2N HCl.  The suspension was 

stirred for 1 hr and centrifuged (9000-g) for 30 min at 4 C. The precipitate was an 

intermediate mixture of glycinin (11S) and β-conglycinin (7S) fraction. The supernatant was 

diluted with water (2-fold excess), the pH was adjusted to 5 and the solution was stirred for 1 

hr, and centrifuged (9000-g) for, 30 min at 4 C. The precipitate (the β-conglycinin (7S) 

fraction) was collected and the supernatant was discarded. Each precipitated fraction was 

dissolved carefully in water and pH adjusted to 7.5 by addition of 2N NaOH. The protein 

content in the samples was determined by the combustion method using a Perkin Elmer 2400 

CHN Elemental Analizer (Norwalk, CT). Conversion factors of 5.71 for glycinin (11S), 6.37 

for β-conglycinin (7S) and 6.08
32, 33

 for the intermediate mixture and the flour were used as 

multipliers of the nitrogen content to quantify the protein concentration (wt%).
11

   

SDS-PAGE
34

 was run following the procedure reported by Sathe et al.
35

 with a slight 

modification. Briefly, 7 mg of sample was suspended in 2 ml of extraction buffer (50 mM 

Tris-HCl pH 8.5 containing 20 mM of 2-mercapto-ethanol) and gently stirred with magnetic 

stirrer for 30 min at room temperature. After extraction the samples were centrifuged for 15 

minutes at 9000-g. An equal volume of supernatant and sample buffer (50 mM tris-HCl pH 

6.8, 1% SDS, 0.01% bromophenol blue, 30% glycerol, 2vol% 2-mercapto-ethanol) were 

mixed and boiled during 10 min at 95 C. All samples were cooled in an ice bath before 

pouring them into the SDS-PAGE wells. An SE 250 Mini-Vertical SDS-PAGE 

chromatography unit (Amersham Biosciences, San Francisco, CA) was employed at constant 
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voltage (125 V), pre-casted polyacrylamide 4-20 % gradient gels were employed (Pierce 

Biotechnology, Rockford, IL). A molecular weight marker kit (wide range 6.5-205 kDa) 

from Sigma-Aldrich was used. Running buffer was tris-HEPES-SDS buffer (100 mM Tris 

base, 100 mM HEPES, 0.1 % SDS, pH 8) as suggested in the instructions of the 

manufacturer.  Sample load was of 15 L (22 g) per well. 

Solubility measurements at pH ranging from 3 to 10 without adjustment of ionic 

strength were carried out according to procedures described elsewhere.
11, 36

  The pH was 

adjusted by using dilute aqueous solutions (1 wt %) of either NaOH or HCl. Protein 

dispersions were prepared and stirred using magnetic stirrers for 1 hr; following this, the 

suspensions were centrifuged at 9000-g for 30 min. Protein content in the supernatant was 

determined by the modified Lowry procedure (Modified Lowry Protein Assay Kit, Pierce 

Biotechnology, Rockford, IL)
37

 and reported as percent of dissolved protein, i.e., protein in 

the supernatant/total protein in the initial solution.  

3.3.2 Circular Dichroism. Circular dichroism was carried out in a Jasco J 500 

spectropolarimeter (Jasco Inc. Easton, MD). The instrument was warmed for at least 40 min 

before use. A cylindrical quartz cell of 1 cm path length was used. Scan parameters used in 

all experiments included 20 nm/min speed, bandwidth of 1 nm and a sensitivity of 50 mdeg 

with a step resolution of 1 nm. At least three accumulations (scans) were measured per 

sample. 

3.3.3 Adsorption by QCM. We used a quartz crystal microbalance QCM-D E4 (Q-Sense, 

Gothenburg, Sweden) in the batch operation mode. In QCM the mass increment due to 
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adsorption on the surface of a sensor is proportional to the shift of resonance frequency (f) 

given by the Sauerbrey equation:
38

   

     
  

 
                    (3.1) 

Where m refers to the change of adsorbed mass associated with adsorption or desorption, 

and n is the overtone number (1, 3, 5, 7, etc.).  The third overtone (n = 3) was used in 

interpreting the QCM data in this study.  For this particular setup, C is a constant equals to 

17.7 ng
.
cm

2.
s

-1
 at f =5 MHz. Equation (1) can be applied to calculate sensor mass changes 

under the following assumptions: 1) the adsorbed amount is smaller than the mass of the 

crystal, 2) the species are adsorbed rigidly and, 3) the adsorbed mass is distributed uniformly 

over the crystal surface. However, it has been pointed out that the frequency shift depends 

not only on the changes in mass adsorbed, but also on the viscosity and density of the 

medium.
39

   

The energy dissipation D is related to the frequency f and the decay time τ as follows 

  
 

   
                    (3.2) 

Where τ values are obtained by periodically disconnecting the oscillating crystals from the 

main circuit via a computer-controlled relay. 

Adsorption was studied on silica and gold sensors covered with an ultrathin film of cellulose. 

Experiments were carried out under different conditions, using protein solution 

concentrations of 1, 10, 100 and 1000 g/ml in phosphate buffer at pH 7. Stock solution for 

dilutions was prepared in similar fashion as in the solubility experiments; all samples were 

prepared fresh from refrigerated stock solutions that were no more than one week old. A 1 
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wt% protein dispersion was mixed in the buffer at the desired pH, stirred for 1 hr and 

centrifuged (9000-g) for 30 min at 4 C. Protein content in the supernatant was determined as 

described earlier. Phosphate buffer at pH 7 (100 mM NaCl) was used for experiments when 

needed. Finally, a denaturant agent 2-mercapto-ethanol (referred thereafter as 2-ME) at a 

concentration of 10 mM was used in some of the experiments. 

3.4 Results and Discussion 

3.4.1 Fractionation and characterization of soybean proteins. 

Purification of soy globulins yielded fractions of glycinin or 11S (92%), and β-conglycinin or 

7S (99.7%) and an intermediate mixture (87%) with a protein content higher than that of the 

protein flour (51 %). SDS-PAGE results (not shown) under denaturant conditions contained 

the typical bands of the 7S and 11S subunits of soy proteins. Very light bands of each protein 

were observed onto the other one presumably due to slight cross-contamination. The 

solubility of the proteins at 25 C in different pH buffers is shown in Figure 1 as % of 

nitrogen soluble at different buffer pH. 
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Figure 3.1. Solubility of soy protein globulins at 25 C. No background electrolyte was added 

to the dispersions. % of soluble proteinwas determined as protein in the supernatant/ protein 

in the starting solution. Concentration of protein in starting solution was 10 mg/ml. 

 

The data shown in Figure 3.1 indicate that soy globulins are quite soluble at pH values below 

4 or above 6, i.e., sufficiently far away from the isoelectric point (pI) of these proteins (of 

4.64 for glycinin and 4.9 β-conglycinin).
55

 It has been shown that protein adsorption onto 

solid surfaces is the highest at their isoelectric point (pI) because the adsorbing species 

exhibit the lowest repulsion in solution.
40, 41

 Concurrently, bulk solubility at pI is very low 

due to increased coagulation among neigboring proteins. Therefore, in order to apply well-

solubilized proteins and also to take advantage of their net negative charge, solutions at pH 7 

were used in most of the adsorption experiments, as will be discussed in the next section 

which focuses on glycinin and -conglycinin. 
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3.4.2 Dynamics of protein adsorption. The dynamics of soy protein 11S adsorption on 

silica is illustrated by the isotherms in Figure 3.2, for different protein concentrations. The 

downward shift in resonant frequency associated with adsorption increases proportionally 

with increasing protein concentration due to the higher mass adsorbed, as predicted by Eq. 

(3.1) (vide supra). Rinsing buffer was allowed to flow through the cell after minute 83 and 

until 145 minutes. Irreversible adsorption was observed in all cases as indicated by the fact 

that the frequency after rinsing did not return to the respective baseline. A faster adsorption 

process is observed at the highest protein concentration (Figure 3.2). The kinetics data were 

fitted to a Langmuir model
42

 considering molecular diffusion from the bulk solution to the 

interface, collision and uniform adsorption of the molecules onto the surface and desorption, 

which was assumed to be insignificant during the time frame of the experiment, as judged by 

the unchanged frequency signal observed after rinsing. The values of the apparent binding 

and Langmuir constants for adsorption were determined
43

 and are reported in the Supporting 

Information document at the end of this chapter. Interpretation of the results in the case of the 

cellulosic substrate is complex due to its softer nature, and its possible coupling with the 

solvent (changes in swelling, density, etc.). Therefore, only the results for the silica surface 

are reported as follow. The Langmuir constants Keq (=kd/ka, where kd and ka are the 

desorption and adsorption constants, respectively) were determined from best fits to the 

Langmuir model.
42, 4342, 43

 The values without adjustment of ionic strength were of 0.0023 

and 0.0011 mg/ml for glycinin and β-conglycinin, respectively. At 100 mM NaCl Keq is 

increased for glycinin (to 0.0094 mg/ml) and is reduced for β-conglycinin (3.7x10
-4

 mg/ml). 
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Overall, the fitting parameters indicate an increase in the apparent binding constant as the 

concentration of protein increases (see Table 3.1 and Supporting Information document). 

 

 

Figure 3.2. QCM shift of frequency (3
rd

 overtone) as a function of time upon injection of soy 

glycinin (11S) solution on a silica surface after 10 minutes stabilization in phosphate buffer 

(pH 7 and 25 °C). Protein solutions with same background electrolyte were used at the 

indicated concentrations. Rinsing with phosphate buffer at pH 7 was performed after 83 

minutes.  
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Table 3.1. Binding constant kobs (in min-1) for soy globulins adsorbed onto silica surfaces 

from aqueous solutions of different ionic strengths (see Supporting Information document for 

details). 

 Glycinin (11S) -conglycinin (7S) 

Protein 
concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 0 mM NaCl 100 mM NaCl 

kobs 

min
-1 R

2 kobs 

min
-1 R

2 kobs 

min
-1 R

2 kobs 

min
-1 R

2 

0.001 0.166 0.98 0.163 0.987 0.035 0.99 0.039 0.978 

0.01 0.217 0.99 0.273 0.993 0.262 0.98 0.333 0.981 

0.1 0.449 0.96 0.6046 0.967 0.9 0.92 2.042 0.96 

1 0.653 0.87 0.7216 0.879 1.09 0.98 2.097 0.982 

 

 

3.4.3 Adsorption isotherms and effect of ionic strength. The areal (Sauerbrey) mass of 

glycinin was calculated and the effect of solution ionic strength on adsorption onto silica and 

cellulose is discussed here in light of the isotherms shown in Figure 3.3.  

As shown in Figure 3.3a, the adsorption of soy glycinin (11S) on both silica and 

cellulosic surfaces increases with increasing ionic strength.  The effect of ionic strength 

observed in our work is more dramatic for cellulose. It has been shown that glycinin(11S) 

undergoes association-dissociation in solution, depending on the presence of electrolytes. At 

low ionic strength (< 0.1 M NaCl and pH 7.6) glycinin (11S) dissociates into a form with 

same sedimentation constant of β-conglycinin or 7S, the so called      . At higher ionic 

strengths (>0.5 M NaCl, pH 7.6) dissociation is reduced, which follows from the general 

understanding of moderated aggregation effects.
4, 19, 44

 For instance, at 0.5 M NaCl and pH 
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7.6 the protein exist in the 11S dimeric form. At pH 7 the macromolecule is negatively 

charged because its isoelectric pH is 4.64. This also leads to electrostatic repulsion between 

negatively-charged groups in both the proteins and the surface, favoring a more extended 

conformation of the adsorbed proteins.  At higher ionic strength, the electrostatic charges 

between the negatively charged groups in the protein molecule and the surface are screened, 

which, in turn, results in higher adsorbed amounts of protein. 
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Figure 3.3. Adsorption isotherms for glycinin (a) and β-conglycinin (b) adsorbed on silica 

and cellulose at various equilibrium solution concentrations at pH 7 and 25 °C. The open and 

closed symbols indicate adsorption on silica and cellulosic surfaces, respectively. The 

concentrations of background electrolyte are indicated (0 and 100 mM NaCl). The mass was 

calculated from plateau data obtained after rinsing with buffer and the values reported 

represent averages of at least three measurements (see error bar for experimental deviation). 

Circular Dichroism measurements for glycinin (c) and β conglycinin (d) at different ionic 

strength studied. 
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The different behaviors of the acidic and basic subunits of glycinin influence its 

functional properties. The effect of pH and ionic strength on the solubility and molecular 

structure of soy glycinin has been reported.
19

  By using Fluorescein Isothiocyanate (FITC) 

labeling, Lakemond et al. 
19
showed that the “relative exposure” of acidic and basic 

polypeptides in glycinin is different depending on the physicochemical environment (pH, 

ionic strength), i.e., the acidic or basic polypeptides buried inside the molecule become 

adapted to a more favorable environment (the “relative exposure” was defined as the ratio 

between the corrected fluorescence integrated signal for the polypeptide of interest and the 

corrected integrated absorbance signal at 280 nm).
18, 19

 It was shown that for acidic 

polypeptides the “relative exposure” was favored at low and high ionic strengths (0.03 M and 

0.5 M NaCl, respectively), with a greater exposure at low ionic strengths.  In contrast, 

exposure of the basic polypeptides was reduced relative to the acidic ones and increased with 

increasing ionic strength. Similar effects explain the finding that glycinin adsorption on 

cellulose was higher at high ionic strength.  At low ionic strength and pH 7.0, the glycinin 

molecule contains a large number of negatively-charged polypeptides, which experience 

higher repulsion with the negatively charged cellulose and silica resulting in low adsorption. 

Increasing the ionic strength to 100 mM NaCl effectively screened the electrostatic 

interactions on the protein and the substrate, thus leading to increased adsorption. Figure 3.4 

shows a schematic illustration of the effect of the physicochemical environment on glycinin 

association and dissociation. 
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Figure 3.4. Schematic representation of soy glycinin changes under different 

physicochemical environments as discussed by Badley et al. 
5
and Martin et al. 

45
 

 

Similar trends were found for adsorption of β-conglycinin onto silica and ultrathin 

films of cellulose, as shown on Figure 3.3b. However, the adsorption of β-conglycinin was 

lower than that observed for glycinin (cf. Figure 3.3), with the opposite effect when salt was 

present, i.e., for glycinin the adsorption increased in the presence of 0.1 M NaCl but the 

reverse occurred in the case of -conglycinin. The reverse trend in the adsorption can be 

explained by the presence of less disulfide linkages in the β-conglycinin molecule; it is also 

possible that the higher amount of disulfide bonds on glycinin promotes its association on the 

surface which can lead to multilayer adsorption, as has been reported in the case of proteins 
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containing cysteine residues.
29

  Studies of -lactoglobulin, which contains five cysteine 

residues (four forming disulfide linkages and one free),
45

 indicate that the free cysteine 

residue favors formation of disulfide linkages because it can engage readily in an S-S 

exchange reaction, which favors adsorption on solids.
29

  For the 7S protein, this association is 

restrained and perhaps the adsorption as a monolayer is favored. Besides the fact that β 

conglycinin molecule contains less disulfide linkages, it also contains 5 mol-% of 

carbohydrates (i.e.  3.9 mol% mannose and 1.25 mol% n-acetylglucosamine)
16

 as well as a 

high level of phytate (1.41mol %). The presence of the carbohydrates on the β-conglycinin 

could probably account for an increase in steric hindrance between protein molecules both in 

solution and at the negatively charged solid surface. In addition, it is important to consider 

the difference in the isoelectric point of the subunits that compose each protein.  

For the glycinin molecule, the isoelectric point of its acidic subunits ranges from 4.75 

to 5.40 and that of the basic subunits from 8 to 8.5.
4
  For β-conglycinin, the isoelectric point 

is 4.9 for the  subunit, 5.2 for the ´, and between 5.7 and 6.0 for the β subunit. It is clear 

that at pH 7, all the subunits of both proteins carry net negative charges; thus, if only 

electrostatic interactions are involved in the adsorption, the interaction with the surface 

should be favored at higher ionic strengths.  However, this was not what was observed.  

A comparison of adsorbed mass and the theoretical packing for glycinin and -

conglycinin is shown in Table 3.2. The respective theoretical packing was calculated 

assuming the respective molecular dimension and mass of 11x11x7.5 nm
3
 and 350 kDa 

(glycinin
5
) and 9.6x9.6x4.4 nm

3
 and 180 kDa (-conglycinin

46
).  Although adsorbed mass 
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calculated using the Sauerbrey equation includes water bound to the molecules, it is apparent 

that the masses of glycinin adsorbed on both silica and cellulose and -conglycinin adsorbed 

on silica were higher than those predicted by using end-on conformation. This suggests the 

possibility that adsorption took place in the form of multilayers (and therefore the Langmuir 

equation does not apply). The adsorption of β-conglycinin on cellulose was lower than that 

predicted based on theoretical coverage. 

 

Table 3.2. Maximum experimental adsorbed massmax of glycinin and -conglycinin at 

various pH and ionic strength conditions studied. The theoretical values are provided in the 

last two rows for side-on (side on) and end-on (end on) protein adsorption.  

 max (mg/m
2
) 

 Glycinin (11S) β conglycinin (7S) 

 Silica Cellulose Silica Cellulose 

0 mM NaCl, pH 7 
 

15.4 7.23 9.33 2.97 

100 mM NaCl, pH 7 

 
17.3 13.6 7.04 1.27 

10 mM 2-ME, pH 7 

 
11.6 1.19 6.80 0.65 

0 mM NaCl, pH 3 

 
 4.3   

100 mM NaCl, pH 3 

 
 6.2   

side on 4.08 3.24 

end on 7.05 7.08 

 

 

The effect of association-dissociation of proteins on their adsorption behavior has 

been reported.
46-48

 Contrary to glycinin, which dissociates at low ionic strength, β-

conglycinin forms a dimer with a sedimentation constant of 9S at low ionic strength. This 

dimer has more amino acid residues available for interactions and higher packing at the 
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interface when exposed to surfaces; as a result it adsorbs readily. The lower adsorption of β-

conglycinin at 100 mM NaCl ionic strength indicates that protein-protein interactions are 

favored over protein-surface interactions. 

Circular dichroism measurements were performed in order to evaluate if the 

secondary structure of both glycinin and β-conglycinin were affected by changes in solution 

ionic strength. Although we did not quantify the amounts of  helix and sheet secondary 

structures in each spectrum, it is apparent from results in Figure 3.3c that the signal for β-

conglycinin exhibit a more positive ellipticity at 222 nm for the ionic strength of 100 mM 

NaCl whilst glycinin shows lower ellipticity values as seen on Figure 3d. This suggests a 

change in the secondary structure of the protein, a loss in the -helical conformation of the 

macromolecules in response to the change in the ionic environment.  

At first, it is tempting to associate the reduced adsorption with surface roughness. The 

effect of surface roughness on adsorption of proteins has been studied.
49, 50

  For instance 

Rechendorff et al.
50

 reported on the adsorption of fibrinogen and bovine serum albumin 

(BSA) onto surfaces of tantalum films.  For fibrinogen, the authors indicated an increase of 

the adsorbed amount of protein with increasing surface roughness. We measured the 

roughness of the silica surface and cellulose films by using Atomic Force Microscopy and 

obtained values of 0.18 and 1.96 nm, respectively. In contrast with the observations of 

Rechendorff et al.
50

, adsorption was more limited on the rougher cellulose surface. 

Therefore, these results are likely to be more related to the complexity of the soy protein 

molecules and their orientation on the surface upon adsorption. 
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The effect of ionic strength seems to be more critical for protein adsorption on 

cellulose relative to silica. Another factor to consider in explaining the lower adsorption onto 

cellulosic films involves de-swelling of the cellulose substrate at higher ionic strength,
51, 52

, 

which does not occur in the case of silica substrates. It is also expected that the hydration of 

the glycosilated 7S molecule decreases with the increase in ionic strength due to the 

dehydration of the linked carbohydrates molecules; thus the molecules adsorbed carry less 

bound water.  

3.4.4 Effect of pH and denaturation on soy protein adsorption. The effect of pH is critical 

in the functional properties and applications of soy proteins. Therefore, the adsorption of 

glycinin on ultrathin cellulose films is discussed in terms of adsorption isotherms (cf. Figure 

3.5).  Adsorption of this type of globulins was found to be higher at pH 7 relative to pH 3 

(Fig. 3.5a). It has been reported
19

 that the effect of pH on glycinin folding is more 

pronounced than that of the ionic strength. The amount of adsorbed non-structured protein 

increases when the pH decreases from 7.6 to 3.
19

 It was found that low pH promotes higher 

unfolding (denaturation) of the protein molecules; this effect increases with increasing ionic 

strength.
19

  Low pH and low ionic strengths conditions were found to promote dissociation of 

glycinin into subunits;
4
 these subunits comprise both acidic and basic chains of polypeptides, 

which possess a lower molecular weight; it is likely that, compared to the globular molecule, 

the shorter chain polypeptides adsorb on the surface in a flatter conformation. 

From the circular dichroism data for the 11S protein (cf. Figure 3.5b) a shift towards 

more positive values of ellipticity is observed at higher wavelengths (>220 nm) at pH 3, 

indicating a change in the secondary structure of the protein. For instance the ellipticity at 
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222 nm (indicative of -helical structures) is almost zero at pH 3 compared to pH 7, which 

may indicate protein denaturation.   

Finally, while the protein molecules may carry a net positive charge at low pH (i.e., 

pH 3) the negative charge of cellulosic surface decreases (because of smaller number of 

available negative groups for adsorption) due to protonation of carboxyl groups. 

 

  

 

Figure 3.5. Adsorption isotherms for glycinin onto cellulosic surfaces at different pH 

(a).Open symbols are used for pH 3 and filled symbols correspond to pH 7. The ionic 

strength was adjusted at 100 mM NaCl, as indicated and the temperature used was 25 C. 

Circular Dichroism of glycinin (b) indicates a shift towards a less ordered structure at pH 3. 

 

Soy glycinin contains a high amount of disulfide groups that affect strongly its 

physicochemical properties. It has been noted that the addition of 10 mM of 2-mercapto-

ethanol (2-ME) is sufficient to cleave disulfide linkages in the glycinin molecule and prevent 
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aggregation in solution; concentrations of 0.2 M and above are needed to break the 

molecules fully into subunits.
4, 5, 53

 In the present experiments, 10 mM of 2-ME was used to 

evaluate the effect of denaturation on adsorption of glycinin and -conglycinin. The results 

revealed a decrease in the adsorbed protein amount in the presence of 2-ME, with a more 

remarkable effect for cellulosic substrates (see Figure 3.6a,b). This can be explained by 

unfolding of the glycinin molecule in solution. For example, glycinin was reported to 

dissociate into subunits due to reduction with dithiothreitol (DTT); 5 mM DTT produced an 

increase of protein surface hydrophobicity and the tyrosine and tryptophan residues exposed 

to the aqueous, polar environment increased the surface activity of the molecule.
54

  This 

effect was further noted to increase glycinin foaming and exhibiting emulsifying properties.
55

  

It is expected that 2-ME produces an effect similar to that of DTT. As a consequence the 

adsorption of glycinin on hydrophilic surfaces decreases when the protein is reduced with 2-

ME (Figure 3.6a). Adsorption isotherms of -conglycinin onto silica and cellulosic surfaces 

in the presence of 2-ME are shown in Figure 3.6b. The results are very similar to those 

discussed before in the case of glycinin. 
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Figure 3.6. Adsorption isotherms from aqueous solutions of glycinin (a) and -conglycinin 

(b) at pH 7 onto silica and cellulose surfaces after reduction with 2-mercapto-ethanol.Open 

symbols correspond to silica and filled symbols to cellulose substrates. All experiments were 

carried out at pH 7 and 25 C. Circular dichroism measurements for glycinin (c) and β 

conglycinin (d) showing the ellipticity signal after reduction with 2-ME.  

 

Circular dichroism measurements were carried out to determine if 2-ME induced a 

disruption in the secondary structure of the soy globulins. It can be observed from the Figure 
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3.6c that 2-ME induced a shift in the ellipticity of glycinin towards more positive values 

which is associated with a loss of secondary structure whereas for -conglycinin the change 

was less pronounced (Figure 3.6d). This result is related to the more prominent presence of 

disulfide linkages in glycinin compared to β-conglycinin. 

3.4.5 Conformation of adsorbed protein layers. Figure 3.7 includes QCM D-f curves 

(dissipation vs. frequency profiles) from adsorption experiments conducted on silica, at 

several concentrations of glycinin (Figure 3.7a and 3.7b) and β-conglycinin (Figure 3.7c and 

3.7d) at different ionic strengths studied. Only one surface type (silica) and pH is presented 

here and discussed to simplify the discussion. The presence of salt is discussed with the data 

plotted in Figure 3.7b. In Figure 3.7a the large dissipation values suggest a more extended 

conformation of the adsorbed glycinin, probably due to electrostatic repulsions between the 

molecules. The change in slope of the D-f curves, more noticeable in the case of glycinin, 

is indicative of different adsorption kinetics. At lower concentrations of protein (1 and 10 

µg/ml) two different slopes are observed (suggesting a two-step kinetics) whereas at higher 

concentrations (100 and 1000 µg/ml) a three-step process is followed. Similar behavior have 

been reported for other types of proteins.
40
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Figure 3.7. D-f curves for glycinin in the absence (a) and in the presence of 0.1 M NaCl 

(b). The curves for β-conglycinin are also included in (c) and (d) (with or without 0.1 M 

NaCl, respectively). Note the different scale used in (a), from 0 to 10 units of energy 

dissipation, which indicates that a high viscoelastic glycinin layer is adsorbed in absence of 

background electrolytes. 

 

An increased ionic strength favors the exposure of basic polypeptides on the surface 

of the protein; the basic polypeptides are normally expected to be buried inside the glycinin 

molecule because they comprise more hydrophobic amino acid units. At high ionic strength, 
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water becomes a poor solvent for such hydrophobic polypeptides, which, in turn, favors 

hydrophobic interactions at the substrate surface causing a higher adsorption than in the 

absence of salt. The results shown in Figure 3.7b suggest that the layers of protein adsorbed 

carry less bound water and are more rigidly adsorbed to the surface when the ionic strength is 

increased. 

In the case of conglycinin (7S) the results shown in Figures 3.7c and 3.7d indicate 

a trend similar to those that were discussed for glycinin, with lower values of dissipation (a 

maximum value of 3.5*10
-6

 was measured). Such low values of dissipation suggest a flat and 

rigid layer of protein adsorbed. Interestingly, all D-f curves for β-conglycinin with or 

without the presence of NaCl  have similar slope indicating that in terms of viscoelasticity 

the proteins adsorbed followed a similar process, regardless of the solution concentration. 

Similar results to those for the ionic strength were found when 10 mM of 2-ME was added: a 

low dissipation of the adsorbed layers was observed for all concentration studied.  

Figure 3.8 depicts a schematic representation of the possible surface arrangements of 

glycinin under the different conditions studied: a more extended layer of protein is expected 

at low ionic strength while a high ionic strength favors a compact adsorbed layer due to the 

screening of electrostatic interactions. Low pH and addition of 2-ME promotes adsorption as 

thin layers. 
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Figure 3.8. Schematic illustration of the glycinin adsorbed molecules on negatively charged 

substrate. 

 

Overall, adsorption of soy proteins onto solid substrates like other type of proteins is 

a complex process that depends strongly on the physicochemical environment present. 

Glycinin exhibits a high affinity for both silica and cellulose substrates, which makes it a 

biopolymer of interest in further studies, especially in relation to fiber surface modification, 

adhesion and in developing functional properties in fibrous systems.  

3.5 Conclusions 

Soy globulins 11S and 7S were successfully fractionated, characterized, and their 

adsorption onto silica and cellulosic surfaces was investigated. The kinetics of the process 

indicated a Langmuir-type adsorption with faster dynamics in solutions at high protein 

concentration.  Glycinin adsorbed to a higher extent when the ionic strength was increased 

whilst the opposite was observed for -conglycinin, which reveals the different responses of 

the macromolecules to the physicochemical environment. Changes in ionic strength and pH 

affected the association-dissociation of the proteins and thus produced distinctive changes in 
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adsorption. Adsorption of glycinin was comparable to that of synthetic polyampholytes.  

Higher adsorption was observed at high ionic strength and solution pH was found to be 

critical in the modulation of the process. Adsorption of both globulins onto silica and 

cellulose was reduced after denaturation in the presence of 10 mM of 2-mercaptoethanol; this 

effect was more pronounced in the case of adsorption on cellulosic substrates.  
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3.7 Supporting Information document.  

The following information is to complement this work. Below is presented the model 

used to describe the kinetics of glycinin and conglycinin adsorption onto silica and 

cellulose and the respective values of apparent binding and Langmuir constants at various 

solution pH. 

3.7.1 Kinetics of adsorption. The kinetics of adsorption was modeled assuming a Langmuir 

type
42

 adsorption after the following steps: (1) protein molecules diffuse from the bulk 
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solution to the interface, (2) the molecules adsorb onto the surface and, (3) the amount 

desorbed is very low so the adsorption can be considered irreversible within the time frame 

of the experiment. The model as it has been reported in the literature
43, 56

 is given by equation 

A: 

     

  
                                (A) 

Where is the adsorbed excess of protein per unit surface area at time t. max is the maximum 

amount of protein adsorbed and c(t) the concentration of protein at the solid liquid interface.  

is the fractional coverage given by:  

     
    

    
           (B) 

The adsorption and desorption constants, kd and ka, are a function of the surface coverage. 

Substitution of Eq (B) in Eq. (A) yields Eq. (C): 

     

  
                                  (C) 

The mass transfer from the bulk solution to the interface is given by: 

  

  
                      (D) 

Where km is the mass transfer coefficient in the corresponding units.  

To determine the adsorption constants it is necessary to solve simultaneously equations (D) 

and (C).  Isolating c(t) from equation (D) it yields: 

        
 

  

  

  
          (E) 

Replacing c(t) in Eq. C and rearranging we obtain: 

     

  
 

                         

  
  
  

            
         (F) 
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or: 

     

  
   

                       
             (G) 

where 

  
    

  

  
  
  

            
         (H) 

  
    

  

  
  
  

            
           (I) 

Solving equation (G) yields: 

     
  
   

        

  
   

      
            

   
      

   
         (J) 

After rearrangement gives:  

     
       

   
 
 
   

  
   

         
   

      
   

         (K) 

where   
  
   

  
    

  

  
             (L) 

Keq is the equilibrium constant of the adsorption process.   

If we define    
       

   
 
 
   

  
   

 and kobs as        
         

   
 then equation (J) is: 

                                        (M) 

Equation (M) can be fitted to the experimental data obtained from the QCM signals and the 

values of K’ (mg/m
2
min) and kobs (min

-1
) can be determined. The values of kobs can be plotted 

as a function of the bulk concentration and the values of   
   

  and   
   

 can be determined 

as the slope and intercept of a linear fits. Although kobs is associated with the intrinsic 

constants, it is well known that the actual intrinsic constants does not depend on the 
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concentration; however, kobs gives an idea of the extent of adsorption. As shown in Tables 3-

S1 through 3-S5 there was an increase in the value of kobs as the concentration of protein in 

solution increased. 

  

Table 3-S1. Values of apparent constants for adsorption of glycinin onto silica surface at pH 

7 after fitting to Eq. (M).  

Concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 10 mM 2-ME 

K’ 

mg/m
2
 

kobs 

min
-1 R

2 K’ 

mg/m
2
 

kobs 

min
-1 R

2 K’ 

mg/m
2
 

kobs 

min
-1 R

2 

0.001 1.007 0.166 0.98 1.013 0.163 0.97 1.055 0.1072 0.957 

0.01 1.004 0.217 0.99 1.0 0.273 0.99 1.001 0.2532 0.999 

0.1 0.984 0.449 0.96 0.9772 0.604

6 

0.96 0.989 1.136 0.954 

1 0.965 0.653 0.87 0.9548 0.721

6 

0.84 1.000 1.55 0.945 

 

 

Table 3-S2. Values of apparent binding constants for adsorption of conglycinin onto silica 

surface at pH 7.  

Concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 10 mM 2-ME 

K’  

mg/m
2
 

kobs 

min
-1 R

2 K’  

mg/m
2
 

kobs 

min
-1 R

2 K’  

mg/m
2
 

kobs 

min
-1 R

2 

0.001 1.211 0.034

8 

0.99

8 

1.06 0.039

7 

0.97

8 

1.056 0.03

3 

0.97

7 
0.01 0.9873 0.262

5 

0.98

7 

0.979 0.333 0.98

1 

0.992

7 

0.38

5 

0.99

4 
0.1 0.982 0.9 0.92

7 

0.992 2.042 0.96 0.997 1.32

5 

0.96

6 
1 0.9956 1.09 0.98

0 

0.994 2.097 0.98

2 

1.003 1.52

2 

0.94

7 



 

65 

Table 3-S3. Values of apparent binding constants for adsorption of glycinin onto cellulose 

surface at pH 7.  

Concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 10 mM 2-ME 

K’  

mg/m
2
 

kobs 

min
-1 R

2 K’  

mg/m
2
 

kobs 

min
-1 R

2 K’  

mg/m
2
 

kobs 

min
-1 R

2 

0.001 0.9638 0.2124 0.96 1.0243 0.079 0.949 ---- --- ---

- 
0.01 1.0043 0.336 0.98 1.0029 0.1377 0.988 --- --- --- 

0.1 0.9864 0.5131 0.96 0.9837 0.244 0.922 --- --- --- 

1 0.9716 0.536 0.94 0.9773 0.35 0.897 --- --- --- 

 

 

Table 3-S4. Values of apparent binding constants for adsorption of conglycinin onto 

cellulose surface at pH 7.  

Concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 10 mM 2-ME 

K’ 

mg/m
2
 

kobs 

min
-1 R

2 K’ 

mg/m
2
 

kobs 

min
-1 R

2 K’ 

mg/m
2
 

kobs 

min
-1 R

2 

0.001 ---- ----  0.9942 0.067 0.99 ---- ----  

0.01 0.9709 0.211 0.98 0.9527 0.158 0.87 0.9796 0.2059 0.98 

0.1 0.9577 0.67 0.83 0.895 0.3428 0.56 0.9536 0.287 0.81 

1 0.9910 0.462 0.96 0.952 0.656 0.88 0.9771 0.4233 0.87 
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Table 3-S5. Values of apparent binding constants for adsorption of glycinin onto cellulose 

surface at pH 3.  

Concentration 

mg/ml 

0 mM NaCl 100 mM NaCl 

K’ 

mg/m
2
 

kobs 

min
-1 R

2 K’ 

mg/m
2
 

kobs 

min
-1 R

2 

0.001 1.149 0.03277 0.989 1.3104 0.0234 0.998 

0.01 0.9596 0.1137 0.976 0.9714 0.249 0.971 

0.1 0.9399 0.0835 0.861 0.9406 0.139 0.8001 

1 0.96 0.5183 0.895 0.9248 0.6926 0.563 

 

 

The Langmuir fitting to the data was performed from the adsorption isotherms using: 

  
       

      
           (N) 

Cb is the bulk concentration. Values of   
   

,   
   

and Keq are reported in Table 3-S6 through 

3-S8.  
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Table 3-S6. Apparent binding constants and Langmuir constant for adsorption of soy 

globulins onto silica surface at pH 7. 

Case 
  
   

 

ml/(mg*min) 

  
   

 

min
-1 

Keq 

mg/ml 
R

2
 

Glycinin 0 mM NaCl 2.75 0.1752 0.00231 0.84 

Glycinin 100 mM NaCl 4.146 0.1934 0.00941 0.92 

Glycinin  10 mM  2-ME 10.55 0.123 0.00349 0.986 

-conglycinin 0 mM NaCl 8.07 0.1006 0.00116 0.9784 

-conglycinin 100 mM NaCl 19.72 0.075 3.74*10
-4 

0.84 

-conglycinin  10 mM  2-ME 11.99 0.137 0.02026 0.979 

 

 

Table 3-S7. Values of apparent binding and Langmuir constants for adsorption of soy 

globulins onto cellulose surface at pH 7. 

Case 
  
   

 

ml/(mg*min) 

  
   

 

min
-1 Keq (mg/ml) R

2
 

Glycinin 0 mM NaCl 2.7027 0.2564 0.0072 0.439 

Glycinin 100 mM NaCl 1.47 0.0991 0.00414 0.976 

Glycinin  10 mM  2-ME -- -- ---- ---- 

-conglycinin 0 mM NaCl 5.1 0.16 0.02026 0.953 

-conglycinin 100 mM NaCl 2.48 0.0971 3.23*10
-4 

0.164 

-conglycinin 10 mM 2-ME 0.1919 0.2323 0.00692 0.953 
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Table 3-S8. Values of apparent binding constants and Langmuir constant for adsorption of 

soy glycinin onto cellulose surface at pH 3. 

Case 
  
   

 

ml/(mg*min) 

  
   

 

min
-1

 
Keq (mg/ml) R

2
 

Glycinin 0 mM NaCl 0.4561 0.0604 0.0424 0.985 

Glycinin 100 mM NaCl 0.5736 0.116 0.0756 0.567 
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4 On the surface interactions of proteins with lignin 

4.1 Abstract 

Despite the fact that lignins are used extensively in formulations involving proteins, 

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 β-conglycinin (7S). Measurements by quartz crystal 

microgravimetry (QCM) and surface plasmon resonance (SPR) were performed to quantify 

the extent of adsorption of soy proteins onto lignin thin films and the degree of hydration of 

the interfacial layers.  The amounts of both globulins adsorbed on lignin from aqueous 

solutions of different ionic strengths in the presence of 2-mercaptoethanol and urea 

denaturants were determined.  In general, the adsorption of the native proteins onto lignin 

was very extensive, whereas the denatured biomolecules adsorbed to a relatively lower 

degree.  Large amounts of water were coupled to the adsorbed protein molecules.  

Chemically denatured proteins, after exposure to urea, adsorbed more extensively onto 

hydrophobic surfaces due to strong hydrophobic interactions.  The reduction in water contact 

angle after protein adsorption ( 40 and 35 for native 11S and 7S, respectively) suggests 

strong nonspecific interactions between the protein and the lignin surface, leading to 

conformational changes and exposure to the surrounding medium of either hydrophobic or 

hydrophilic amino acid residues. It is expected that this contribution to understanding lignin-

proteins interactions will allow novel applications in multiphase systems. 

 



 

74 

4.2 Introduction 

Industrial interest in environmentally friendly materials has driven research into a 

variety of new products from natural resources for different applications, which could either 

replace or be combined with synthetic materials.  Soybean proteins are among the most 

investigated natural materials for non-food applications including wood adhesives, films for 

food packaging, composites, bio-based plastics, and paper coatings.
1
  In addition to 

lipoxygenases, the main components in soybeans comprise the so-called storage proteins, a 

mixture of two macromolecules (glycinin and -conglycinin) held together by disulfide 

linkages.  Soy glycinin (11S) has a molecular weight of 320-350 kDa and is composed of 

acidic and basic subunits (denoted A1, A2, A3 and B1, B2, B3).  -conglycinin (7S) has a 

molecular weight of 180 kDa and contains three subunits (, ’,β).
2, 3

  The acidic and  and 

’ subunits of glycinin and -conglycinin, respectively, have hydrophilic character.  The 

basic and  subunits of glycinin and -conglycinin, respectively, are hydrophobic. These 

polypeptides chains arrange themselves to form the tertiary structures and produce 

macromolecular surfaces with hydrophobic and hydrophilic residues and a complex 

distribution of electrostatic potentials (Figure 4.1).  Different procedures for fractionation and 

purification of glycinin and -conglycinin have been reported in the literature.
4, 5

  Most of the 

non-food applications of soybean proteins take advantage of their thermoplastic behavior;
1, 6

 

however, despite their industrial relevance, there is still need to elucidate soy protein 

adsorption and interfacial interactions to benefit from their ability to provide unique 

functionalities in composite materials.  In a recent study; soy and other proteins were used in 
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the generation of functional coatings as a platform for further polymer grafting.
7, 8

  The 

results showed that thermal denaturation improved the adsorption of 11S and 7S onto 

hydrophobic surfaces, reducing the contact angle and functionalizing the surface for further 

macromolecular coupling.
8
  

From the colloidal chemistry point of view, soy proteins can be used as wet
9
 or dry

10
 

additives.  The nature of the interactions of proteins 11S and 7S with cellulosic surfaces has 

been recently reported under conditions relevant to papermaking.
11,12

  The results indicated 

different behavior for each of the proteins, with a higher adsorption in the native state onto 

silica compared to cellulose, and a reduction in adsorption when the proteins are partially 

denatured by 2-mercaptoethanol, a reducing agent. The adsorption of 11S increases with 

increased ionic strength, whereas the opposite is observed with 7S;
11

 these observations are 

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.
12

  

Lignin model films from different sources have been prepared to study adsorption of 

polyelectrolytes
13-15

 and related interactions.
16

  Soy proteins are naturally amphiphilic 

because they possess both hydrophilic and hydrophobic domains that from a physico-

chemical perspective have the potential to interact strongly with lignin.  Kawamoto et al.
17

 

studied the adsorption of bovine serum albumin (BSA) onto different lignins to evaluate their 

protein adsorbing capacities, including thio-lignin, lignin from steam explosion of a type of 
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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 the amount of phenolic hydroxyl groups, all lignins studied adsorbed 

BSA to a relatively high extent.  Overall, the interactions of proteins with lignin are of 

fundamental importance.   

Yang et al.
18

 studied the adsorption of BSA onto cellulose- and lignin- containing 

surfaces (corn stover) to improve enzymatic hydrolysis.  Their results show that a higher 

amount of BSA adsorbs on lignin-containing substrates compared to that on Avicel cellulose.  

A reduction in the non-specific adsorption of cellulases and β-glucosidases by adsorbing 

BSA on the biomass prior to adsorption on the enzyme was also found; this led to a yield 

increase of glucose.  In addition, BSA has been claimed to be a “lignin blocker” in a recent 

patent that seeks to improve the enzymatic hydrolysis process.
19

  Other efforts to elucidate 

the role of lignin in enzymatic hydrolysis in bicomponent (cellulose-lignin) systems have 

been reported by us,
20

 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.
21

  All in all, the mechanism of adsorption/wetting of soy proteins on lignin surfaces 

will shed further light in understanding lignin-protein interactions 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-
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dodecanethiol self-assembled monolayers on gold) used as reference by the application of 

quartz crystal microbalance and complementary techniques, including, surface plasmon 

resonance and water contact angle measurements.  

4.3 Materials And Methods 

7B defatted soy flour was provided as a gift from Archer Daniel Midland (ADM, 

Decatur, IL).  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).  Organosolv lignin was provided as a gift 

from Lignol and reported to have low sulfur (~0.05%), sodium (17 ppm), potassium (44ppm) 

and calcium (163 ppm) contents.
22, 23

  Relative to technical kraft lignins, organosolv lignin is 

more hydrophobic.  All reagents were used as received.  Milli-Q water with a resistivity of 

>18 MΩ.cm was used in all experiments.  7B Defatted soy flour was fractionated into 

glycinin (11S) and β-conglycinin (7S) as reported previously.
11
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Figure 4.1. (a) Schematic representation of the structure of soybean glycinin 11S (a) and β-

conglycinin, 7S (c) (See Refs 
2, 24, 25

 for related information.  A schematic illustration of the 

distribution of hydrophobic residues in soybean glycinin and β-conglycinin is also included 

in (b) (see also Ref. 
26

) 

 

4.3.1 Lignin films. AT-cut quartz crystals, which use the thickness shear mode of vibration 

as a resonator, were cleaned by immersion in piranha solution (70% sulfuric acid, 30% 

hydrogen peroxide) for 5 minutes, rinsing thoroughly with Milli-Q water and blowing with 

nitrogen gas to dry.  Before spin coating, dry gold sensors were cleaned further using a 

ultraviolet (UV)-ozone treatment for ten minutes.  Lignin films were prepared following the 

procedure of Tammelin et al.
15

 with a slight modification: the polystyrene was first spin 

coated on gold as a supporting substrate for lignin films.  Detailed preparation of the films 

can be found in the accompanying Supporting Information.  

4.3.2 Reference self-assembled monolayers of dodecanethiol. UV-ozone cleaned gold 

QCM resonators were immersed (for 18 h) in 10
-3

 M 1-dodecanethiol solution using ethanol 
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as solvent.  A self-assembled monolayer (SAM) of the alkylthiol was formed on the gold 

surface, which fully covered the substrate and provided a layer thickness of about 3 nm as 

measured by ellipsometry. This substrate was sued as a hydrophobic reference surface.  

4.3.3 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 × 5 and 1x1 μm
2 

were employed.  At least three different areas on each sample were 

measured; no image processing except flattening was performed. 

4.3.4 Quartz crystal microgravimetry. QCM-D E4 (Q-Sense, Gothenburg, Sweden) was 

operated in batch mode.  The principles and operation of QCM have been described in detail 

elsewhere.
27-29

  The mass adsorbed onto the QCM sensor is related to the shift of resonance 

frequency (f) according to the Sauerbrey equation (Eq. 4.1))
30

  

(     
  

  )                                     (4.1) 

where m is the change of mass (adsorption or desorption), f  is the change in frequency, n 

is the overtone number, C is a constant, 17.7 ng.cm
2
.s

-1
 at f=5MHz.  The factor D accounts 

for energy dissipation due to 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 stored by the systems at the interface on the 

quartz crystal as given by Eq 4.2:
29

 

  
           

         
                                                                (4.2) 
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Protein adlayers display a moderate dissipation; therefore, in this work we used the 

Johassman
31

 approach to calculate the mass adsorbed onto the surface (see Supporting 

Information for details).  

Adsorption experiments were carried 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 µg/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 hrs in 

order to record base signals for f and D, zeroed and allowed to run for 10 minutes before 

protein solution injection. For the measurements including urea and 2-mercaptoethanol, the 

buffer was prepared with the respective concentrations of 10 mM 2-mercaptoethanol and 8M 

urea, protein solutions of different concentrations as well as stabilization and baseline 

collection prior to protein adsorption were done in same buffer. 

4.3.5 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 (~10
-6

) within time 

resolution of the order of milliseconds
32

 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 (Δθ).
32

  In this work, the thickness of the adsorbed protein layer was 

determined by using Eq 4.3:  
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                                                       (4.3) 

where d is the thickness of adsorbed layer, ld is a characteristic evanescent electromagnetic 

field decay usually estimated to be around 0.37 times the wavelength of the incident light 

(240 nm), 
32

  m is a sensitivity factor for the sensor (109.95 /RIU, RIU: refractive index 

units) obtained by calculating the slope of a Δθ calibration curve for a series of glycerin 

aqueous solutions of different concentrations and known refractive indices.
33

 o is the 

refractive index of the bulk solution (buffer, 1.334
34

) and a is the refractive index of the 

adsorbed species (protein), which was assumed to be 1.57.
3
  After the calculation of the 

thickness, the surface excess concentration was computed using Eq. 4.4. 

                                                     (4.4) 

where  is the bulk density of the soy protein (1370 kg/m
3
), determined from specific volume 

data (0.73 ml/g).
2
 

The adsorbed mass was also determined by SPR under same set of conditions 

(concentration, temperature of 25 °C, pH, rinsing protocol, etc.) used in QCM experiments.  

As opposed to QCM, coupled water does not affect the SPR signal.
35

  Thus the contribution 

of water coupled to the adsorbed layer can be calculated once the corresponding masses are 

determined by each technique, according to Eq. 4.5. 

                     
                 

       
                       (4.5) 

4.3.6 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 J software (National Institutes of 
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Health, Bethesda, MD).  In the case the QCM sensors the initial advancing water contact 

angle was measured before and after protein adsorption. 

4.4 Results And Discussion 

The non-contact mode AFM images of the polystyrene support before and after 

deposition of lignin can be observed in the Supporting Information document (Figure S1).  

Both films were smooth with root-mean square surface roughness of 0.17 nm for polystyrene 

and 0.47 nm for lignin films.  The initial advancing water contact angle on each film was 90 

and ~65 for polystyrene and lignin, respectively.   

4.4.1 Soy proteins  adsorption onto lignin films. The organosolv lignin used is insoluble in 

water and is somewhat hydrophobic (water contact angle of ~65).  It is less wettable by 

water and more hydrophobic than kraft lignins.  Hydrophobic interactions between the 

protein and the lignin substrate were therefore anticipated.  A QCM shift of frequency after 

native protein adsorption on lignin can be observed in Figure 4.2.  The kinetics of the 

adsorption/desorption process can be deduced from the initial slope of the curves.  For both 

proteins, the adsorption is slower at low concentration (1-10 µg/ml) compared to that at 

higher concentrations (100 and 1000 µg/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 11S.  

Equilibrium adsorption isotherms for both soy glycinin (11S) and β-conglycinin (7S) 

indicate a significant adsorption in their native condition, as can be observed in Figure 4.3.  

The curves 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 8M 
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urea reduces the adsorbed amounts for both proteins.  More specifically, the addition of 10 

mM of 2-mercaptoethanol has a larger negative effect on the adsorption of 11S compared to 

7S, which is expected because 11S molecules contain more disulfide linkages.
36

   

 

 

Figure 4.2. Shift in QCM frequency upon adsorption of 11S (left) and 7S (right) on lignin. 

 

Protein adsorption on solid surfaces is driven by different types of non-specific 

interactions such as electrostatics, hydrogen bonding, and hydrophobic forces.  The fact that 

ionic strength is not affecting the adsorption suggests that electrostatic interactions between 

lignin and the proteins are of lesser importance.  There are still, however, intra-molecular 

interactions in the protein molecules that are affected by modulating the ionic strength.  It is 

expected that nonionic interactions play a more prominent role.  Nonionic interactions have 



 

84 

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 

attached layer of polymer.
14

  Unlike kraft lignin, organosolv lignin contains less carboxylic 

groups and a high amount of phenolic hydroxyl groups;
37

 therefore, it is also likely that the 

charged amino acids on the protein engage in weak electrostatic interaction with the scarcely 

available charged groups on the surface and also via hydrogen bonding.  An attempt has been 

made in the literature to correlate the amount of bovine serum albumin (BSA) with the 

molecular weight of lignin and the amount of phenolic hydroxy groups; however, besides the 

high adsorption observed for BSA onto lignin containing substrates, no correlation was 

found.
17

 

 

 

Figure 4.3. Adsorption isotherms of soybean proteins 11S (left) and 7 S (right) onto lignin 

films as determined by QCM-D. Error bars represent standard deviation of three repetitions. 
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In their native state, proteins assume a globular conformation in solution in order to 

minimize interactions of the hydrophobic amino acids with the aqueous environment.  Once 

proteins adsorb some denaturation occurs at the solid-liquid interface and the 

macromolecules spread on the surface.
38, 39

  The lower values of mass adsorbed when 

denaturants are used suggest that the adsorbed adlayers of the denatured proteins are less 

hydrated.  This is as expected, because the molecules expose 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 

secondary structure of proteins, while at the concentration here studied, 2-mercaptoethanol 

only breaks disulfide bonds present in the molecules, leading to unfolding.  It has been 

suggested that depending on the physicochemical environment and under the effect of 

reducing agent 2-mercaptoethanol, the hydrophobic aminoacids can associate and form into 

round shapes, and the hydrophilic polypeptides can form rod-like clusters (see Figure 4.4).
40

  

These smaller polypeptide chains behave differently from the globular-shaped native 

molecules. Figure 4.4 depicts an scheme of the possible conformation of the protein 

molecules upon adsorption.  
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Figure 4.4. Scheme indicating possible conformation of hydrophobic polypeptides (red) and 

hydrophilic polypeptides (blue) of soybean proteins upon adsorption from native conditions 

(a) and the less ordered denatured conditions (b). 

 

Addition of urea can also produce a change in the properties of the liquid phase, 

which translates into a change of viscoelasticity of adsorbed layers, as observed in Figure 

4.5, where the change in dissipation (D) is plotted against the shift of frequency (f).  It can 

be observed that compared to adsorption in the native or reduced (2-mercaptoethanol) states, 

the D-f profiles upon adsorption of both proteins exhibit very steep slope in the presence 

of urea.  
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Figure 4.5. Dissipation frequency plots for adsorption of soybean proteins 11S (left) and 7S 

(right) onto lignin model films from 1 mg/ml solutions. 

 

In tests of the adsorption on relatively hydrophobic lignin films the 7S protein 

exhibits higher dissipation values compared to 11S.  This is in contrast to the behavior 

observed for adsorption onto hydrophilic, negatively charged surfaces (silica and cellulose).
11

  

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 

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 carbohydrate content (3.29 and 1.25 mol% 

mannose and N-acetylglucosamine, respectively),
36

 which can be observed in QCM 

measurements as high sensed mass.  Table 1 summarizes the results for adsorption from 1 
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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
2
 for 11S and 7S, respectively. 

11
  For end-on 

adsorption, the values correspond to 7.05 (11S) and 7.08 mg/m
2
 (7S).

11
 

 

Table 4.1. Amount of soybean proteins adsorbed onto lignin films under different aqueous 

conditions. The values are determined after adsorption from 1 mg/ml protein solution 

concentration. 

 Native 100 mM NaCl 2-ME 8M Urea 

11S Mass adsorbed, mg/m
2
 15.6±0.7 15.9±0.07 9.0±0.4 4.8±0.02 

7S Mass adsorbed, mg/m
2
 20.5±1.7 24.8±1.83 18.7±1.9 4.7±0.2 

 

 

As observed in AFM images of adsorbed proteins (cf. Figure 4.6), aggregates are 

formed on the surface, which is an indication of (nonspecific) adsorption.  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.  
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Figure 4.6. AFM Images of lignin substrates of a) bare lignin film (0.47 nm roughness), b) 

after adsorption from 1 mg/ml solution of 11S (0.87 nm roughness) and c) after adsorption 

from 1 mg/ml solution of 7S (1.50 nm roughness).  The dimension of each image is 1 x 1 

µm
2
. 

 

The extent of adsorption onto lignin films was assessed using SPR in order to 

decouple the effect of water bound to the protein molecules. As expected, the isotherms 

shown in Figure 4.7 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 

the 7S protein displaying similar amount of adsorbed mass onto lignin than 11S.  The amount 

of water coupled to the adsorbed layer from the highest solution concentration of protein (1 

mg/ml) was calculated from Eq. 4.5 (see Table 4.2). 
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Figure 4.7. Adsorption isotherms for soybean proteins 11S and 7S onto lignin model films as 

determined from SPR results. Error bars represent standard deviation of three repetitions. 

 

Table 4.2. Amount of coupled water upon adsorption on lignin of proteins from 1 mg/ml 

aqueous solution concentration. 

 Adsorbed mass (mg/m
2
) QCM-SPR 

(mg/m
2
) 

% coupled 

water  QCM SPR 

11S-Native 15.6±0.1 4.09±1.5 11.5 74 

7S-Native 20.5±1.4 4.41±0.2 16.1 79 

 

Not only 7S protein exhibits higher hydration compared to 11S but the amount of 

proteins adsorbed is very close to that calculated for a monolayer conformation via side-on 

adsorption.
11

  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 the cellulosic 

substrate (see Table 3), where the adsorption of 11S was higher than that of 7S.
11

  A study of 
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BSA adsorption onto lignin containing substrates (corn stover) and Avicel cellulose
18

 

suggests that BSA adsorbs to a higher extent on lignin, in agreement with the current results 

obtained with soy proteins.  

 

Table 4. 3. Comparison of soybean protein adsorption onto lignin and cellulose model upon 

adsorption from 1 mg/ml aqueous solutions (isotherm plateau). 

 Lignin films Cellulose
11

 

 (mg/m
2
) (mg/m

2
) 

 11S 7S 11S 7S 

Native 15.6±0.70 20.5±1.39 7.23±3.13 2.98 

100 mM NaCl 15.85±0.07 24.8±1.83 13.65±2.71 1.27 

 

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 contains 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      .
3
  In contrast, 7S proteins 

associates into larger structures with higher sedimentation rate, 9S.  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 other types of forces, for example, hydrophobic interactions or hydrogen 

bonding.  It has been reported that 7S protein (β-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.
4, 41

  This observation translates into better emulsification ability for the 7S compared to 

the 11S.  The current results are in agreement with these experimental data.  
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To further explore the mechanism and interactions involved, the adsorption of the soy 

proteins 11S and 7S onto a better-defined, 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 concentration 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 4.8.  

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 of 2-mercaptoethanol.  The different adsorption behavior 

of 11S and 7S in the native state onto SAM can be also 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 its content of free 

sulphydryl groups.  The lowest slope of the D vs f plots (cf. Figure 4.9) for the cases of 

native as well as denaturation with 2-mercaptoethanol 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.   
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Figure 4.8. SPR adsorption isotherms of soybean proteins 11S and 7S onto SAM 

hydrophobic surface. Error bars represent standard deviation of three repetitions. 

 

Also for both proteins, the adsorption from 8 M urea solutions is higher than that at 

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.  Because there is no possibility of hydrogen bonding with the SAM, these results 

suggests that the interactions with lignin are not only due to hydrophobic interactions but also 

from other interactions such as hydrogen bonding.  Since urea disrupts hydrogen bonding, 

this could explain why the adsorption is lower on a lignin surface when proteins adsorb from 

urea solutions 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 4.4 it is important to highlight two things: (1) The percentage of coupled water is 
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lower for adsorption from urea compared to other conditions; this seems to favor a more 

extended viscoelastic layer of adsorbed protein on the surface as evidenced in the D-f 

profiles in Figure 4.9, 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 the promotion of higher adsorption suggesting 

that the molecules adsorb with an end-on configuration.  However, the adsorbed mass does 

not even reach the lowest theoretical or calculated value of a protein monolayer assuming 

side-on configuration (4.08 (11S), 3.24 mg/m
2
 (7S)). 

11
  It is worth mentioning that urea 

destroys the secondary structure of the protein, leading to a more random coiled molecule.
42, 

43
  In fact, it has been reported

3, 36
 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 hydrophobic), can adsorb assuming a loose conformation on the 

surface. 

  

Table 4.4. Amount of coupled water upon adsorption of soybean proteins from 1 mg/ml 

solutions onto hydrophobic SAM.  

 Adsorbed mass (mg/m
2
) QCM-SPR 

(mg/m
2
) 

% coupled 

water  QCM SPR 

11S-Native 10.7±0.32 2.6±0.028 8.1 75.7 

7S-Native 5.95±0.23 1.62±0.08 4.33 72.8 

11S +10 mM 2-ME 9.18±0.22 2.13±0.06 7.05 76.8 

7S +10 mM 2-ME 6.78±0.2 1.45±0.01 5.33 78.6 

11S +8M Urea 9.2±0.14 2.95±0.15 6.25 68 

7S +8M Urea 5.4±0.27 2.90±0.04 2.49 46.3 

 



 

95 

 

Figure 4.9. Changes in dissipation upon adsorption of soybean proteins 11S (left) and 7S 

(right) onto SAM hydrophobic surfaces from 1 mg/ml aqueous solutions. 

 

4.4.2 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 adsorption of proteins.  Results for both proteins in native 

condition after adsorption onto lignin are reported in Figure 4.10a.  Compared with 7S, 11S 

produces the largest change in WCA after adsorption at the highest concentration studied.  

The change in contact angle upon adsorption onto dodecanethiol SAM is shown in Figure 

4.10b.  In the native state 11S displays the highest change in WCA, however in the more 

hydrophobic surface of dodecanethiol SAM the highest change in WCA was observed for 

adsorption from solution with 10 mM 2-mercaptoethanol or 8 M urea. The molecular 

differences between 11S and 7S can account for this result because 11S has a higher number 
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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.
11

  The 

change in secondary structure might affect protein conformation on the surface upon 

adsorption, enhancing interactions of the exposed hydrophobic amino acids with the surface 

and exposing hydrophilic amino acids at the surface.  Because 7S protein molecule contains 

carbohydrate moieties,
36

 unfolding of the molecule via 2-mercaptoethanol or denaturation 

with urea, the molecules adsorb 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 than for 11S. 

 

 
Figure 4.10. Water contact angle change upon adsorption of soybean proteins (11S and 7S) at 

different concentrations on lignin model films (a) and on 1-dodecanethiol self-assembled 

monolayers before and after denaturation (2-ME or urea) (b). Error bar represent standard 

deviation of three repetitions. 
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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 interactions 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. 

4.5 Conclusions 

Adsorption of soybean proteins glycinin (11S) and β-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.  The higher adsorption onto lignin films 

compared to cellulose suggests that soybean proteins could be used in lignocellulose fiber 

processing.    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 it and change its wettability; this would be beneficial to allow a better contact between 

wood surfaces and to improve adhesion in composite applications.  This will also facilitate 

the impregnation of the wood with the adhesive, which will benefit bonding as well.  The 

results also show that interactions with the hydrophobic substrates studied are favorable; this 

could be of advantage for further uses of these proteins, for example in surface modification. 
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4.7 Supporting Information Document 

Additional information complimentary of the present work is presented below. This 

include a description of the protein content of fractionated soybean proteins, SDS PAGE 

analysis, preparation of lignin thin films, details about mathematical models used to calculate 

the adsorbed mass by using quartz crystal microbalance and AFM images of polystyrene 

support and lignin films as well as contact angle images. 

4.7.1 Protein content of 11S and 7S 

Nitrogen and protein content of 11S, 7 S, intermediate and flour samples used in this 

work is provided in Table SI-1 as also discussed in more detail in Ref. 11 of the main 

manuscript. The intermediate fraction is obtained during the purification procedure. SDS-

PAGE bands of the same samples are included in Figure SI-1  

 

 Table SI-1. Nitrogen content for fractionated proteins (11 S and 7 S) and soy flour. 

Sample % Nitrogen %Protein 

11S 15.86 99.1 

7S 15.76 98.5 

Intermediate 14.30 89.4 

Flour 8.25 51.5 
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Figure 4-S1: SDS PAGE bands corresponding to Molecular weight marker (left); 

intermediate fraction (1); -conglycinin 7S (2) and glycinin 11S (3). 

 

 4.7.2 Lignin films preparation 

Polystyrene (PS) films were prepared by spin coating (2000 rpm, 40 seconds) 100 l 

of 0.5 % wt PS solution in toluene over a gold surface. Films were dried for 30 min at 80 C; 

afterwards lignin model films were spin coated onto the polystyrene- coated surface. 

Organosolv lignin solutions (0.5 %wt) in 1.4 dioxane were let to dissolve for 48 hours. Then 

50 µl of solution were placed onto the surface of the PS-coated surface and spin coated as by 

using 400 rpm for 3s, 500 rpm for 5s and 2000 rpm for 1 min, and repeated four times.
15

  

Non-contact mode AFM images of polystyrene and lignin films can be observed in Figure 4-

S1. In addition, the images from water contact angle measurements on these substrates are 

included in Figure 4-S2. 
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Figure 4-S2. Non contact mode AFM height (1x1 µm
2
) images of polystyrene support (left) 

and lignin films (right). 

 

 

Figure 4- S3. Water contact angle images of polystyrene (left) and lignin film (right) 

 

The water contact angle after protein adsorption onto lignin films can be observed in Figure 

4-S4. Figure 4-S5 includes the WCA of water on hydrophobic SAM. 
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Figure 4-S4. Water contact angle images of lignin film before (left) and after (right) 11S 

adsorption. 

 

 

Figure 4-S5. Water contact angle images on thiol SAM before (a) and after adsorption of 11S 

native (b), 11S in 10 mM 2-ME solution (c) and 11S in 8M Urea (d). 

 

4.7.3 Johannsmann model for calculation of adsorbed mass 

In the model, the shift in frequency (f)   is related to the complex shear compliance 

of the thin film (Ĵ ()) by Eq. A.
31

 

     
 

   
          

      

 
                                  (A) 

Where                            is the bulk acoustic impedance of crystalline 

AT quartz,        and f  is the resonance frequency of the crystal,  is the density of the 

fluid, q: specific density of the quartz, µq= elastic shear modulus of quartz, d is the thickness 

of the film. 

a b c d
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Equation A can be rearranged by using the equivalent mass m* (Eq. B) which can be used to 

calculate the true adsorbed mass under the assumption that Ĵ () is independent of ,
44

  

resulting in equation C. 

    
  

   

  

 
                                                      (B) 

             
     

 
               

     

 
          (C) 

From equation  C the true mass can be calculated from a plot of m* againts f 
2
 to give m

o
 as 

the intercept, as depicted in figure 4-S6. 

 

Figure 4-S6. Plot to determine true mass m
o
. 
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5. Water-wettable Polypropylene Fibers by Facile Surface Treatment 

Based on Soy Proteins 

5.1 Abstract 

Modification of the wetting behavior of hydrophobic surfaces is essential in a variety 

of materials, including, textiles and membranes that require control of fluid interactions, 

adhesion, transport processes, sensing, etc.  This investigation examines the enhancement of 

wettability of an important class of textile materials, viz., polypropylene (PP) fibers, by 

surface adsorption of different proteins from soybeans, including soy flour, isolate, glycinin, 

and -conglycinin. Detailed investigations of soy adsorption from aqueous solution (pH 7.4, 

25 C) on polypropylene thin films is carried out using quartz crystal microbalance (QCM) 

and surface plasmon resonance (SPR).  A significant amount of protein adsorbs onto the PP 

surfaces primarily due to hydrophobic interactions. We establish that adsorption of a cationic 

surfactant, dioctadecyldimethylammonium bromide (DODA) onto PP surfaces prior to the 

protein deposition dramatically enhances soy protein adsorption.  The adsorption of proteins 

from native (PBS buffer, pH 7.4, 25 C) and denatured conditions (PBS buffer, pH 7.4, 95 

C) onto DODA-treated PP leads to a high coverage of the proteins on the PP surface as 

confirmed by a significant improvement in water wettability.  A shift in the contact angle 

from 128 to completely wettable surfaces (0) is observed and confirmed by imaging 

experiments conducted with fluorescence tags.  Furthermore, the results from wicking tests 

indicate that hydrophobic PP nonwovens absorb a significant amount of water after protein 

treatment, i.e., the PP-modified surfaces become completely hydrophilic. 
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5.2 Introduction 

Commodity products are required to be stable and resistant to chemical, physical, and 

biological agents, which is important in their performance and life cycle.
1
  Polymeric 

materials, in general, possess good mechanical and chemical properties that allow their use in 

many industrial and household applications.  However, one drawback of most commonly-

used polymeric materials is their low surface energy resulting in low water wettability.
1, 2

  To 

overcome this latter issue, different surface modification procedures have been proposed, 

including plasma treatment,
3, 4

 corona discharge,
3
 flame treatment,

1, 3
 UV light irradiation,

5, 6
 

electron beam,
7
 and ozone treatment accompanied with surface grafting.

3-5, 8, 9
  In addition, 

surface modification by adsorption of surface active agents has been applied.
1, 10

 These 

treatments have successfully “activated” the surface for further attachment of other 

molecules for the express purpose of improving hydrophilicity, and reducing the adhesion of 

biomolecules that can cause surface fouling.  

Polypropylene (PP) has been studied intensively due to its relevance in 

textiles/fabrics, diapers, filters and medical implants.  Associated applications require high 

wettability, good adhesive properties and in the case of medical implants, resistance to 

protein fouling.
11

 

Exposure of hydrophobic polymeric surfaces to protein solutions leads to biofouling.  

This is an undesirable effect especially in surfaces such as those involved in biomedical 

devices.   This drawback can be, however, turned into an advantage to endow hydrophobic 

PP with functional groups that could serve as a platform for the introduction of further 

functionalities.  This has been in fact a premise of some of our recent work,
8, 9

 which takes 
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advantage of the more than 20 amino acids with specific polar and nonpolar functionalities in 

proteins.  Adsorption of proteins onto solid surfaces is a dynamic process affected by several 

factors related to the structure of the protein, the solid substrate, and physical-chemical 

variables.
12, 13

  The protein adsorption process is driven by different interactions, including, 

but not limited to, hydrophobic effects, hydrogen bonding, van der Waals interactions and 

electrostatic forces that, in turn, affect the way the molecules rearrange on the surface upon 

adsorption.
14

  When proteins come into contact with a hydrophobic substrate they adsorb 

readily on the surface to minimize the interfacial energy.  Upon exposure to hydrophobic 

surfaces proteins allow their hydrophobic residues to come close to the substrate while 

leaving the more hydrophilic groups exposed to the surrounding environment.
13

  

Recently, protein adsorption onto polypropylene fibers was shown to provide high 

density of functional hydrophilic groups for further grafting of polymer brushes. Lysozyme 

and fibrinogen were adsorbed on PP nonwovens and cross-linked on the surface by using 

glutaraldehyde.  Such an approach for protein coating showed very good stability to different 

harsh treatments including sonication, heating at high temperature (85 C), and immersion in 

organic solvents (for example, THF). Once adsorbed, the functional groups in the proteins 

allowed the grafting of poly(2-hydroxyethylmethacrylate) via atom transfer radical 

polymerization (ATRP); these polymer brushes were found to have antifouling properties.
8, 9

 

We developed polypropylene fiber mats with antibacterial properties after adsorption of heat-

denatured lysozyme which carry functional groups that bind silver nanoparticles.
15

   

Similarly, the preparation of a functionalized PP membranes was recently reported by 

immobilization of bovine serum albumin (BSA) onto its surface.
16

  The PP surfaces were 
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treated by oxygen plasma and UV radiation, which then allowed grafting of poly(acrylic 

acid) residues that served as spacers for the attachment of BSA.  The BSA reduced further 

protein adsorption and improved wettability of the membrane. 

Although several of the proteins used in our previous studies provided a proof of 

concept for the given applications, surface modification in an industrial scale can be limited 

due to the protein’s cost and availability.  For example, in contrast to lysozyme and 

fibronectin, other proteins, such as those derived from soy beans, are readily available and 

are inexpensive.  Soy protein products that are commercially available include soy flour 

(protein content ca. 56%), concentrates (65% protein) and isolates (90% protein). Soybean 

proteins are composed of two main macromolecules, glycinin (or 11S) and β-conglycinin (or 

7S).
17

   

Soybean proteins have found industrial non-food applications in the manufacture of 

plastics, adhesives, paper binders, composites, paint, dry strength additives in papermaking, 

paper coatings, and sizing agents.
18

  We reported recently on the effectiveness of soybean 

proteins
19, 20

 in modifying the surface of hydrophobic lignin and that of self-assembled 

(SAM) 1-dodecanethiol monolayers; both the lignin and hydrophobic SAM became 

hydrophilic after simple protein physical adsorption.
20

  In this work we report on a facile 

procedure leading to surface modification of PP fibers and PP substrates by physical 

adsorption of soy proteins.  The performance and effectiveness of commercial soybean 

isolate and flour as surface modifiers of hydrophobic polypropylene to increase the 

hydrophilicity is compared against that of soy glycinin and β-conglycinin. 
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5.3 Materials and Methods 

Soybean flour (7B deffated soy flour) and soy isolate (Profam 974) were provided as 

a gift from Archer Daniel Midland (ADM, Decatur, IL). Soy glycinin (11S) and -

conglycinin (7S) were fractionated from defatted soy flour as described previously.
19

  

Polypropylene (PP) syndiotactic, phosphate buffer saline (PBS), fluorescein isothiocyanate 

(FITC), 2-propanol (isopropanol), and xylene were purchased from Sigma Aldrich (St. Louis, 

MO).  Regenerated cellulose dialysis membranes (Fisherbrand 15.9 mm diameter (25 mm 

flat width), 12,000-14,000 molecular weight cutoff) were purchased from Fisher Scientific 

(Somerville, NJ). 

5.3.1 Preparation of thin PP films. Ultrathin PP films were prepared according to the 

procedures described elsewhere.
21

  Briefly, PP was dissolved in xylene (0.2 wt% solution) 

and heated up to boiling temperature in a small flask with reflux condenser for 2 h.  PP films 

were prepared by spin coating.  The solid supports (SPR gold sensors or QCM AT-cut quartz 

crystals) were preheated to 85 C before spin coating by using an infrared lamp (250 W).  A 

small volume (100 µl) of solution was poured on the substrate and spun at 3,000 rpm for 20s.  

5.3.2 Quartz crystal microgravimetry (QCM). The principles and operation of QCM have 

been described in detail elsewhere.
22-24

  Here we used a QCM-D E4 (Q-Sense, Gothenburg, 

Sweden) operated in the batch mode.  The Johannsmann
25

 model was used to calculate the 

mass adsorbed onto the surface (see Supporting Information for details). 

The adsorption experiments were carried out with the PP thin films.  Freshly prepared 

protein solutions of different concentrations (1, 10, 100 and 1000 µg/ml) in phosphate buffer 

(PBS) at pH 7.4 were used.  The sensors were allowed to equilibrate in the buffer solution for 
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2 h prior to recording the base signals for QCM’s f and D, which were zeroed and 

allowed to run for 10 min before injection of the protein solution. 

5.3.3 Surface Plasmon Resonance. Protein adsorption was also investigated by surface 

plasmon resonance (SPR Navi 200, Oy BioNavis Ltd., Tampere, Finland) under the same 

conditions used in the QCM experiments (concentration, temperature of 25 °C, pH, rinsing 

protocol, etc.).  The thickness of the adsorbed protein layer was determined by using Eq. 5.1 

and the surface excess concentration was computed using Eq. 5.2:
26

  

 

  
  

 

  

        
                   (5.1) 

                                                                (5.2) 

 

where Δθ is the angle shift, d is the thickness of adsorbed layer, ld is a characteristic 

evanescent electromagnetic field decay, estimated to be 0.37 times the wavelength of the 

incident light (240 nm), m is a sensitivity factor for the sensor (109.95 /RIU, RIU: refractive 

index units) obtained by calculating the slope of a Δθ calibration for solutions of known 

refractive indices.
27

 o is the refractive index of the bulk solution (buffer, 1.334
28

) and a is 

the refractive index of the adsorbed species (protein), which was assumed to be 1.57.
29

   is 

the bulk density of the soy protein (1370 kg/m
3
), determined from specific volume data (0.73 

ml/g).
30

 

The contribution of water coupled to the adsorbed layer
31

 was calculated from the mass 

determined in SPR and QCM experiments, according to Eq. 5.3. 
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                       (5.3) 

5.3.4 Adsorption on PP nonwoven surfaces. Nonwoven mats from melt blown PP fibers 

(5.2±2 m diameter) were obtained from the Nonwovens Institute (NWI, North Carolina 

State University). The PP nonwoven mats (1 cm × 1cm, 30 g/m
2
, 0.1 mm thickness) were 

first cleaned by immersion into 2-propanol for 20 minutes, rinsed with water and then dried 

over at least 18 hrs in a laminar flow cabinet.  The clean mats were then immersed first in 

isopropanol for 10 min, followed by a pre-treatment involving immersion in 1 mg/ml 

dioctadecyldimethyl ammonium bromide (DODA) surfactant in 2-propanol solution during 

30 min.  The mats were rinsed with PBS buffer for 10 min. For adsorption experiments the 

protein solutions (1 mg/ml in phosphate saline buffer at pH 7.4) were used at 25 C. In some 

experiments the proteins were denatured before adsorption by heating their solution at 95 C 

during 1 h while stirring occasionally and then cooling to 25 C before application.  

PP mats were immersed in protein solution during one hour while using magnetic stirring.  

Subsequently, the PP mats were immersed in buffer for 10 min followed by milli-Q water 

washing for 10 min.  Prior to the contact angle measurements the PP mats were dried for at 

least 18 h inside laminar flow cabinet to avoid contamination of the surface. 

5.3.5 Water Contact Angle. The water contact angle (WCA) 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 J software (National 

Institutes of Health, Bethesda, MD).  The initial advancing water contact angle was measured 

before and after protein adsorption. 
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5.3.6 FITC labeling of soy proteins and fluorescence imaging. The labeling reaction was 

carried out following the procedure reported by Lakemond et al.
32

  FITC was dissolved in 10 

wt% ethanol solution in PBS buffer pH 7.4 to yield 1 mg/ml solution.  Protein solutions (2 

mg/ml) were prepared and appropriate amounts of FITC were added to reach a molar ratio of 

1:10 of protein:FITC.  Once the FITC was added, the vials were covered with aluminum foil 

to keep them protected from light.  The solutions were incubated for 18 h at room 

temperature and under mild magnetic stirring.  After the 18 h period, the reaction was 

quenched by adding a sufficient amount of cysteine to the mixture (to achieve a molar ratio 

of protein/cysteine of 1:12.5).  This mixture was left under stirring for 4 h.  Afterwards the 

solutions were dialyzed against PBS buffer pH 7.4 to remove unbound FITC and unreacted 

cysteine. An Olympus BX61 microscope (Olympus America Inc. Melville, NY) in the 

fluorescence mode, with an objective of 4X/0.10 was used to observe the surface of the 

nonwovens after adsorption of Fluorescein Isothiocyanate (FITC) soy proteins.  

5.4 Results and discussion 

5.4.1 Adsorption of soy proteins on flat PP thin films. A high soy protein adsorption 

affinity towards PP is observed by the very fast initial adsorption as measured by 

electromechanical methods (time-dependent frequency shift isotherms from QCM) or optical 

(changes in the refractive index at the interface in SPR) measurements (cf. Figure 5.1a and 

5.1b).  The results of adsorption of soy proteins in their native conditions onto the surface of 

thin PP films (PBS buffer pH 7.4) studied by QCM are plotted in Figure 5.1a.  Both soy flour 

and soy isolate displayed a well-defined adsorption plateau, which indicates saturation of the 

surface.  In contrast, the QCM profiles for the 11S and 7S proteins did not plateau at the 
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highest concentration studied (1 mg/ml).  In addition, the initial rate of adsorption was very 

fast (note the initial steep slope in the QCM isotherm) for the flour and isolate, indicating 

their high affinity towards PP.  

 

Figure 5.1. Adsorption of soy proteins on flat PP thin films determined by the frequency shift 

as a function of time upon injection of 1 mg/ml protein solutions in QCM experiments (a) 

and changes in optical intensity (arbitrary units) signal from SPR experiments, also after 

adsorption form 1 mg/ml protein solution (b). The obtained adsorbed mass isotherms for soy 

proteins on flat PP thin films are also indicated from QCM (c) and SPR (d) techniques. 
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 Adsorption studies of soybean proteins (11S and 7S) on hydrophobic self-assembled 

monolayers (1-dodecanethiol) indicated similar trends to those observed for PP substrates 

(data not shown): 11S adsorbed to a higher extent compared to 7S due to the more favorable 

interactions of 11S with the hydrophobic surface, which allows a tighter packing at the 

interface as well as the possible engagement of 11S in sulfur-sulfur associations.
20

 

In order to evaluate the effect of hydration of the protein on their adsorption, the process was 

also monitored by SPR; the respective isotherms are shown in Figure 5.1b,d. As expected, 

the measured adsorbed amount was lower than that from QCM experiments (Figure 5.1a,c). 

Interestingly, each protein exhibited a different behavior when probed by QCM or SPR. 

These observations are explained by different hydration of the protein adlayers, as sensed by 

these two methods (QCM and SPR). When the hydration of the adlayers was determined by 

Eq. 5.3 the amount of coupled water follows the order 7S > flour > 11S> isolate (see Table 

5.1). The same results have been observed when lignin was used as a substrate.
20

 This can be 

related to the protein structure: 7S is a glycoprotein whilst 11S does not have any bound 

carbohydrates.
33

 Soy flour contains both the 11S and 7S proteins as well as soluble 

carbohydrates (glucose, arabinose, xylose, galactose and sucrose)
34

 that can affect the 

adsorption behavior and hydration. The commercial soy isolate is obtained by a different 

process than that used in the case of the flour; soy isolates have the higher protein content but 

the proteins are precipitated at their isoelectric pH.
35

  Therefore, the isolates are more 

hydrophobic than the flour, i.e., there are more hydrophobic amino acids exposed in the 

isolate than the flour.  In addition, the carbohydrates and soluble fiber are removed during 

production of soy isolate.
35
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The effect of thermal denaturation on protein adsorption was studied. To this end, the 

proteins were heated to 95 C in PBS buffer pH 7.4 and maintained at this temperature for 1 

h; then the solutions were cooled down to 25 C before running QCM experiments to acquire 

the adsorption isotherms (Figure 5.2). 

 

Table 5.1. Coupled water mass of adsorbed soy protein layers after exposing PP thin films to 

1 mg/ml protein solutions.  

 Adsorbed mass (mg/m
2
) QCM-SPR 

(mg/m
2
) 

% coupled 

water  QCM SPR 

11S-Native 7.5 2.5 5.0 66.6 

7S-Native 8.4 1.4 7.0 83.3 

Isolate 6.0 3.4 2.6 43.3 

Flour 6.5 2.1 4.4 67.7 
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Figure 5.2. Adsorption isotherms for native and denatured soy proteins obtained from QCM 

experiments with 11S (a), 7S (b), isolate (c), flour (d). 

  

Thermal denaturation promotes unfolding of the proteins by exposing internal 

hydrophobic amino acids to the aqueous environment.  This, in turn, can promote higher 

adsorption onto hydrophobic substrates.
14

  It was expected that compared to native proteins, 

protein solutions thermally treated at 95 C would adsorb to a higher extent on the thin PP 
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films.  However the results in Figure 5.2 indicate that all proteins exhibited similar 

adsorption upon thermal denaturation.  It is possible that there is a small fraction of the 

protein that refolds upon cooling, as has been observed in gelation studies.
36

  Although in our 

experiments no change in turbidity of solutions was observed by visual inspection, it is 

possible that the proteins aggregated upon cooling and these aggregates, with a larger 

effective volume affected their packing at the interface. 

5.4.2 Adsorption on PP nonwovens. Adsorption of soybean proteins on the surface of PP 

nonwoven substrates was studied.  Initially, the experiments were carried out by immersing 

the nonwovens immediately after cleaning into protein solutions (native or denatured).  Due 

to the low surface energy of the nonwoven PP mats, the substrates tended to float on the 

protein solution even under stirring; this led to a poor contact of the PP nonwovens with the 

proteins which prevented effective adsorption.  To overcome this issue, experiments were 

carried out by first immersing the PP nonwovens in 2-propanol followed by an immersion 

into 1 mg/ml solution of cationic DODA surfactant.  This surfactant has been used to 

functionalize hydrophobic surfaces in Langmuir-Schaefer deposition.
37

 DODA surfactant is 

not soluble in water and thus 2-propanol was used as it was the same used to clean the PP 

nonwoven surfaces before adsorption.  

The adsorption of 1 mg/ml DODA surfactant solution on the surface of polypropylene 

thin films was studied by quartz crystal microbalance. It was observed that a thin layer of 

DODA surfactant adsorbed on PP after rinsing with 2-propanol (Figure 5.3a).  
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Figure 5.3. Dynamics of DODA surfactant adsorption on polypropylene thin films measured 

in QCM experiments (from 1 mg/ml DODA solutions in isopropanol) (a). The adsorption 

isotherms for the different soy proteins (1 mg/ml) on DODA-treated PP surfaces are also 

shown (b).  

 

The calculated areal mass of DODA adsorbed onto the surface is 0.83 mg/m
2
 (1.3x10

-

6
 mol/m

2
). After the adsorption with DODA and further rinsing with 2-propanol, the proteins 

(1 mg/ml solutions) were adsorbed onto the DODA-treated PP surfaces (Figure 5.3b).  It is 

worth highlighting the steep initial slope in all adsorption curves that indicates a high affinity 

of the proteins with the DODA-treated PP substrate.  

As can be observed in Figure 5.3b, there is a significant adsorption of proteins on the pre-

treated PP surface.  Some desorption upon buffer rinsing occurred as well as after rinsing 

with water; however, the large amount measured for the residual adsorbed proteins indicates 

a strong binding with the PP surface.  Comparing the mass of protein adsorbed from 
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thermally-denatured solutions without pre-adsorption of DODA surfactant (see Table 5.2), 

different trends for each protein are observed.  Lower adsorption occurred after surfactant 

treatment in the case of 11S and soy flour, whereas 7S and the soy isolate displayed a higher 

adsorption. One reason why 11S and the flour exhibited lower adsorption is the flatter 

conformation of the protein molecules on the DODA-treated surface as is shown in the 

dissipation-frequency (f-D) curves in Figure 5.4. In addition, conformational changes 

(spreading) of the molecules upon adsorption can induce better coverage (tighter packing) on 

the surface but less mass adsorbed.  The different adsorption behaviors are likely related to 

the structural differences of the molecules, as mentioned before in our discussion of Table 

5.1; the isolate is more hydrophobic compared to flour, and the 7S protein tend to have a 

higher hydration than 11S. The trends are very similar to those observed in Figures 5.1c and 

5.1d.  

The value of adsorbed mass does not provide direct information related to the 

conformation of the protein molecules upon adsorption. However, the QCM viscoelasticity 

values from the dissipation factor can provide such insight.  As such, the D-f curves 

included in Figure 5.4 indicate that the adsorbed proteins were more extended on PP when 

denatured (Figure 5.4a). The D-f profiles upon protein adsorption on PP with pre-adsorbed 

DODA are also included (Figure 5.4b).  The results suggest that the proteins adsorbed on PP 

in a flatter conformation when the DODA surfactant was present.  This is reasonable since 

the proteins are expected to be negatively charged at the pH studied (isoelectric pH of 

4.5).
29, 38

  Therefore, when the PP surface was coated with a cationic DODA surfactant 

more sites were available for electrostatic interaction with the negatively charged sites of the 



 

121 

proteins.  This could also promote a more uniform distribution of the protein molecules on 

the surface. 

 

Table 5.2. Comparison of adsorbed mass on polypropylene surfaces (with and without 

DODA treatment) from 1 mg/ml solution of denatured protein. 

 Adsorbed mass (mg/m
2
) 

 
No DODA 

pre-treatment 

After DODA 

pre-treatment 

11S 7.2 6.3 

7S 5.3 7.6 

Isolate 6.1 7.6 

Flour 7.1 5.1 

  

 

 

Figure 5.4. D-f profiles for adsorption of soy proteins on polypropylene without (a) and 

with (b) treatment with DODA surfactant.  
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5.4.3 Water contact angle. Evaluation of the surface characteristics after adsorption was 

carried out by water contact angle (WCA) measurements.  WCA was measured on quartz 

crystals coated with PP before and after protein adsorption (Table 5.3). The results indicate a 

significant decrease of WCA after protein adsorption.  This supports the effective use of soy 

proteins to modify hydrophobic surfaces.  

 

Table 5.3. Water contact angle results for adsorption of denatured proteins onto 

polypropylene thin films after treatment with DODA surfactant. 

 Water contact angle (deg)  

 
Before 

protein adsorption 

After 

protein adsorption 

WCA Reduction 

(deg) 

11S 106±2.0 27±2 79 

7S 105±1.2 31±0.2 74 

Isolate 105±3 45±1 60 

Flour 105±2 33±3 72 

 

The decrease in WCA after adsorption of native proteins on smooth PP films (no 

DODA treatment) produced a reduction in contact angle change of  67  after adsorption of 

11S, 7S, and the soy isolate and a reduction of contact angle of 43 in the case of soy flour. 

Although there is a reduction in contact angle upon adsorption of native proteins, the results 

in Table 5.3 indicate a higher reduction in contact angle after treating the PP surface with 

DODA followed by adsorption of denatured proteins.  To explore further this observation, 

experiments using PP nonwoven samples were carried out under similar conditions of 

temperature, pH, and protein concentration (1 mg/ml).  WCA as a function of time after 

adsorption of each protein studied under native and denatured conditions can be observed in 
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Figures 5.5 and 5.6, respectively.  It is worth mentioning that PP surfaces and DODA-treated 

PP surfaces did not display any change in WCA over time.  Furthermore, DODA-adsorbed 

PP had a higher contact angle compared to the bare, untreated PP surfaces.  The contact angle 

images of these surfaces, after the respective treatments are supplied in the Supporting 

Information document.  

The adsorption behavior of native and denatured proteins on PP nonwoven mats is 

expected to be different than that discussed for smooth thin films. In fact, protein adsorption 

onto PP nonwovens (without DODA treatment) did not produce a change in contact angle as 

was the case of the flat PP films. A de-wetting of the nonwoven surface when immersed in 

aqueous solutions (hydrophobic effect) occurs because of the low surface energy of PP, this 

in turn affects the diffusion of the protein from the bulk across the boundary layer 

surrounding the substrate. The hydrophobic amino acids inside the protein interact favorably 

with the PP surface but the tight arrangement of water molecules around the hydrophobic 

substrate imposes a high energy barrier that limits adsorption.  To surmount this issue, 

different attempts were made to improve the contact between the nonwoven mats and protein 

in solution during the adsorption process. This included: (1) immersion of the nonwovens in 

isopropanol, rinsing in water followed by immersion in the protein solution and, (2) 

immersion of nonwovens in aqueous solutions of nonionic surfactants (Tween 80, Triton X-

100 and others) followed by immersion in the protein solution. However none of these 

treatments produced a change in wettability of the PP nonwoven. The surface tension 

lowering effect by immersion in either isopropanol or surfactant solutions may help but if the 

proteins adsorb they do it forming patches on the surface. This is not the case if the 
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nonwoven was pre-treated with DODA surfactant: the hydrophobic tails of this surfactant 

were able to anchor strongly on the surface and it also provided cationic (head) groups that 

interacted with the protein molecules.  

 

 

Figure 5.5. Time-resolved evolution of the water contact angle upon adsorption of native 

proteins on the surface of DODA-treated polypropylene nonwovens. Inset corresponds to the 

initial 50 s after water drop deposition. 

 

After adsorption of proteins onto DODA-treated nonwovens a relative high initial 

WCA was observed but a rapid increase in wettability occurred after few seconds, until the 

water droplet was completely absorbed by the solid.  The reduction in WCA after adsorption 

of 7S and the commercial soy flour was noticeable; the samples after adsorption of these two 
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proteins displayed the largest increase in surface wettability over a short period of time.  

Although there are many variables affecting the WCA, including the surface roughness, 

porosity, surface composition, and surface area, the observed reduction in WCA did not 

occur when neat PP nonwovens were tested (advancing and equilibrium contact angles of 

130 were measured).  Additional measurements were carried for nonwovens that were 

immersed in 1 mg/ml DODA solution in isopropanol and rinsed 10 min with isopropanol 

followed by buffer rinsing.  In this case, the WCA did not change even after 5 min 

observation.  Therefore, it is clear that the change in wettability was due to the adsorption of 

the soy proteins.  Previous attempts to use the protein as a platform for further polymer 

grafting on the surface have shown that after adsorption onto nonwoven PP substrates 7S and 

11S proteins performed similar to fibrinogen and lysozyme, producing a change of contact 

angle of 30.
9
  However, the pre-treatment with DODA followed by proteins adsorption is 

noted here to provide an effective, remarkable reduction in WCA and increased wettability. 

WCA data for the PP nonwovens after adsorption of thermally-denatured proteins are shown 

in Figure 5.6.  All samples displayed an improved wettability compared to the case of native 

protein, this highlights the effect of unfolding of the protein molecules after denaturation, 

exposing hydrophobic groups that engage in hydrophobic interactions with the PP substrate.  
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Figure 5.6. Time-resolved evolution of the water contact angle upon adsorption of denatured 

proteins on the surface of polypropylene nonwovens. Inset shows initial 10 seconds of the 

experiments. 

 

5.4.4 Wicking test. Evaluation of the ability of the PP nonwovens to absorb water after 

treatment with soy proteins was carried out by wicking tests using a DCA 312 Cahn balance 

(Thermoscientific, Newington, NH). Samples of given dimensions were suspended with a 

wire and immersed (3 mm below the surface) in the probing liquid. The mass uptake was 

monitored by the microbalance until the weight was stable or until a preset time, the latter 

was chosen in this case and set to 300 s.  The neat PP nonwoven before and after treatment 

with DODA solution did not display any measureable amount of water absorption.  The 

results of water uptake per unit mass of substrates after protein adsorption was followed 
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during 300 s and presented in Figure 5.7. The results indicate a different, behavior for each of 

the proteins (either in the native or denatured state). The denatured flour protein did not 

absorb water, although it displayed a high wettability as far as WCA tests.  The isolate 

samples exhibited a relatively low value of water sorption.  In all cases, there was a high 

amount of water sorbed, reaching a limit of 25-fold of the mass of the substrate.  Overall, it 

was possible to provide hydrophilicity properties to PP nonwovens after pre-adsorption of 

DODA surfactant followed by adsorption of soy proteins.  This is not possible if each of the 

treatments is conducted separately.  These results for PP nonwovens correlate well with the 

QCM experiments discussed in earlier sections and confirm the high affinity of the proteins 

with hydrophobic PP.  
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Figure 5.7. Results of water uptake (during 300 s) by polypropylene nonwovens carrying pre-

adsorbed soybean proteins. The case of PP carrying denatured flour is not included since it 

did not adsorb any water. Likewise, as control surfaces, bare PP and PP with pre-adsorbed 

DODA did not absorb water. 

 

 5.4.5 Fluorescence analysis. Fluorescein isothiocyanate labeled soy proteins were 

adsorbed onto the surface of PP nonwoven substrates after pre-adsorption of DODA 

following the same procedure that was used for unlabeled proteins.  The images shown in 

Figure 8 indicate that the soy proteins in the native state adsorbed onto the surface, but the 

fluorescence signal was very weak if compared to the signal of denatured proteins.  This 

observation correlates with previous results and confirm that denatured proteins adsorbed on 

the surface. 
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Figure 5.8. Fluorescence microscopy images for DODA-treated nonwoven substrates after 

adsorption of soybean proteins in native or thermally-denatured conditions. All images are 

shown at the same exposure of 1/50 s. Objective 4X/0.10. Scale bar corresponds to 500 m 

size.  

 

In summary, results from the different analyses support that PP was successfully 

modified by physical adsorption of soybean proteins (especially if thermally denatured), 

which formed adsorbed layers that remained stable after rinsing.  This methodology is 

proposed as a facile and inexpensive alternative for surface modification of PP fibers or PP 

fiber mats.  

5.5 Conclusions  

The adsorption of different soy proteins was investigated and the results highlighted 

the important protein structure-function relationships.  Adsorption of proteins on flat PP 

model films correlated well with results for porous PP nonwoven mats: A higher adsorption 
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of denatured proteins was promoted after pre-treatment of the surface with DODA surfactant.  

A flat conformation of the adlayers was observed to occur for flat PP films as determined by 

QCM dissipation measurements.  This suggests a better coverage of the surface by the soy 

molecules; this was also confirmed by the fluorescence experiments where the denatured 

proteins displayed a higher fluorescence.  Overall, physical adsorption of soy proteins onto 

hydrophobic PP provided a remarkable change in the wetting behavior of the system without 

the use of harsh treatments that can affect the bulk properties of the material.  The present 

approaches underline a facile, simple method to significantly modify hydrophobic surfaces 

with renewable, easily accessible, and inexpensive biopolymers. 
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5.7. Supporting Information Document 

Additional information complimentary of the present work is presented below. This include 

the graphs of the adsorption of proteins as determined by QCMD and SPR; details about 

mathematical models used to calculate the adsorbed mass by using quartz crystal 

microbalance; as well as contact angle images of nonwoven surfaces.  
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5.7.1 Johannsmann model for calculation of adsorbed mass 

In the model, the shift in frequency (f)   is related to the complex shear compliance of the 

thin film (Ĵ ()) by Eq. A.
25

 

     
 

   
          

      

 
                                                                   (A) 

Where                            is the bulk acoustic impedance of crystalline 

AT quartz,        and f  is the resonance frequency of the crystal,  is the density of the 

fluid, q: specific density of the quartz, µq= elastic shear modulus of quartz, d is the thickness 

of the film. 

Equation A can be rearranged by using the equivalent mass m* (Eq. B) which can be used to 

calculate the true adsorbed mass under the assumption that Ĵ () is independent of ,
39

  

resulting in equation C. 

    
  

   

  

 
                                                                            (B) 

             
     

 
               

     

 
                                           (C) 

From equation  C the true mass can be calculated from a plot of m* againts f 
2
 to give m

o
 as 

the intercept. 
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5.7.2 Contact angle images of nonwoven surfaces. 

 

 

Figure 5-S1. Contact angle images for the PP substrates after different treatments studied. 
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6 Synthesis of Soy Protein-Lignin Nanofibers 

6.1 Abstract 

The electrospinning technique was used to produce nanofibers from aqueous alkaline 

solutions containing soy proteins and lignin at different mass ratios (from 3.5:1 to 1:3.5).  

Rheology results indicate that the solutions were shear thinning but such behavior became 

less pronounced with the increased concentration of lignin. Scanning electron microscopy 

revealed defect-free fibers after addition of polyethylene oxide as coadjutant. The fiber 

diameter increased with the lignin content, from 124 to 400 nm. Dynamic scanning 

calorimetry suggests the existence of favorable interactions between lignin and soy protein. 

Increased hydrogen bonding and the loss of secondary structure of the proteins as the lignin 

concentration increased were observed from the disappearance of amide II and III bands and 

the red shift of amide I band in Fourier Transform Infrared spectra. The unfolding of the 

protein contributed to a better entanglement with lignin macromolecules, which improved 

further the electrospinning process. The results indicate that mixtures of lignin and soy 

protein can be used as for development of new fiber-based materials. 

6.2 Introduction 

Interest in the development of new environmentally friendly materials have triggered 

consideration of renewable precursor polymers and manufacturing techniques for a variety of 

applications.  

Electrospinning technique allows the production of continuous fibers from micron to 

nanometer size. During the process a polymer solution is pumped through a nozzle; due to 

the intensity of the electric field applied between the nozzle and a metallic collector, the 
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polymer solution stretches at the tip of the capillary forming a conical shape known as the 

Taylor cone. The charge repulsion produces overcomes the surface tension of the liquid and 

the liquid is expelled from the nozzle as a jet. Several review articles have been devoted to 

the study of electrospinning process
1-6

 
7
 The importance of electrospun fibers arise, in part, 

from their high surface area, making them suitable for a variety of applications including 

tissue engineering, cosmetics, wound dressing, filtration media, catalysis, nanosensors and 

even military protection clothing
4, 7

 
3
 The use of natural polymers alone or in combination 

with synthetic polymers to produce nanofibers by electrospinning have gained increased 

attention in the last decade, some of the polymers studied include cellulose acetate, collagen, 

hyaluronic acid, chitosan, polylactic acid (PLA), silk proteins, 
6, 7

, soy proteins
8-10

 and 

lignin.
10-12

 

Lignin, the second most abundant polymer on earth after cellulose
13

 is a complex 

aromatic (phenolic) macromolecule present in the cell wall of plants; it is composed of three 

main phenylpropanoid monomers or precursors: coniferyl, sinapyl and p-coumatyl alcohol.
14

 

Uses of lignin different than power generation, include those that take advantage of its 

chemical features as well as its physical and thermal properties when combined with other 

(bio)polymers, for example, in composite materials. Lignin has been studied for a variety of 

applications, from dispersants,
13

 adhesives to production of composite materials (phenolic 

resins) and carbon fibers.
13

  
15, 16

.   

Recent studies have shown the feasibility  to produce lignin fibers (micro and 

nanofibers) by the electrospinning technique.
10, 15-17

, 
12

,
11

 Dallmeyer et al evaluated different 

technical lignins to produce fibers by electrospinning; although pure lignin did not produce 
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fibers, the addition of PEO as a coadjutant improved intermolecular interactions to achieve 

uniform fiber formation.
10

 

In addition to the interest in lignin for the production of carbon fibers, it has also been 

studied in blends with soy proteins to produce composite materials
18

 and also as a filler in 

soy protein plastics.
19, 20

 Because of their thermoplastic behavior, soybean proteins are 

among the most investigated renewable materials for non-food applications including wood 

adhesives, films for food packaging, composites, bio-based plastics, and paper coatings. 
21, 22

  

Several approaches have been studied to produce “green materials” from soybean proteins 

mixed with other polymers, including  poly (ethylene oxide) for films formation
23

 and 

production of soy protein isolate (SPI) fibers by electrospinning.
8, 9

 It was shown that the 

addition of PEO enhanced fiber formation during electrospinning at concentrations up to 0.8 

wt% in alkaline aqueous solution in the presence of a nonionic surfactant (Triton X-100). 

This synergistic effect was attributed to the increase in viscosity and reduction of electrical 

conductivity.
8
  It has been suggested that PEO interact with protein molecules and its amino 

acid residues through hydrogen bonding, hydrophobic and ionic interactions.
24

 Organic 

solvents have also been used to dissolve soy protein isolate to make it suitable for 

electrospinning. For instance, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was used as a 

solvent for the production of SPI-PEO fibers by electrospinning and similarly to the case of 

aqueous solutions, blends of SPI-PEO in HFIP produced defect-free hydrophilic fibers, 

indicating the good compatibility between PEO and soy proteins.
9
  

Blends of soy protein with polyvinyl alcohol (PVA) have also been reported to 

produce electrospun nanofibers 
25

 PVA exhibited a similar role than that of PEO as far as the 
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production of uniform fibers with a total polymer concentration of up to 13 wt% in alkaline 

aqueous solution, which helped to denature the proteins. 

Although the reported studies in the literature dealt with the use of commercial SPI to 

produce fibers, our aim in this study is to also evaluate one of the main proteins in soy, 

namely, glycinin.  This stems from the fact that we found that the adsorption behavior of 

glycicnin on lignin and cellulose can be quite different compared to that of -conglycinin, the 

other main protein in soy, 
26, 27

 therefore a question that emerges is if the quality and 

characteristics of soy fibers are affected by the detailed composition of the component 

proteins.  

It is expected that given the reported affinity between glycinin and lignin,
27

 the 

production of the respective bi-component electrospun nanofibers will be facilitated by 

favorable intermolecular interactions. To the best of our knowledge this is the first time that 

electrospinning of mixtures of soy protein and lignin is reported. Thus, our main hypothesis 

in this work is that blends of lignin and soy proteins are expected to produce defect-free 

fibers via electrospinning. Because both biopolymers contain suitable functional groups for 

chemical modifications, the produced electrospun mats can be subjected to further chemical 

treatment such as crosslinking, etc., which can result in the development of new, functional 

bio-based fibers.  

6.3 Materials and Methods 

Kraft lignin (Lignin alkali, low sulfur content), polyethylene oxide (Mw =400000) 

and acetonitrile were purchased from Sigma Aldrich (St. louis, MO). Sodium hydroxide 

standard solution (0.1 N) was purchased from Fisher Scientific. Soy protein isolate (Profam 
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974) and soy flour (7B flour) were obtained as a gift from Archers Daniel Midland. Soy 

glycinin was obtained by fractionation of defatted soy flour as described in our previous 

work.
26

  

6.3.1 Solutions for nanofiber preparation 

Blends of soy protein, lignin and PEO were prepared using a 10 vol% acetonitrile in 

0.1 N sodium hydroxide aqueous solutions. After evaluation of different polymer 

concentrations, it was found that 8 wt% total polymer concentration in solution produced 

uniform fibers. In addition, this concentration allowed a wide range of suitable mixing ratios 

for soy protein and lignin while keeping the amount of polyethylene oxide (PEO) in the 

nanofibers fixed at 10 wt% (Table 6.1). Initially a solution of polyethylene oxide was 

prepared and left under stirring overnight for complete dissolution, then appropriate amounts 

of protein were added slowly to the PEO solution while stirring, left (under stirring) for at 

least four hours until complete dissolution of the protein, followed by slow addition of the 

lignin powder, this mixture was kept four more hours under vigorous magnetic stirring 

during 4 hours.  
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Table 6.1. Component ratio , surface tension and conductivity of aqueous polymer solutions 

used as precursors of electrospun fibers. The proteins consisted of glycinin (G) and isolate 

(I). 

Sample 
Protein:Lignin 

(P:L) 

Surface 

tension 

mN/m 

Conductivity 

mS/cm 

G1 3.5:1 44.3±0.2 5.6±0.01 

G2 1:1 41±0.36 8.4±0.01 

G3 1:2 39.1±0.53 9±0.02 

G4 1:3.5 38.1±0.14 9.8±0.02 

I1 3.5:1 39.7±1.27 5.7±0.01 

I2 1:1 37.7±0.25 8.1±0.03 

I3 1:2 38.3±0.50 9±0.03 

I4 1:3.5 37.4±0.18 9.7±0.03 

 

6.3.2 Electrospun Nanofibers and Characterization  

Soy glycinin (G) and isolate (I) were used to produce nanofibers. Different 

protein:lignin ratios were used with a fixed amount of polyethylene oxide which served as 

coadjutant of the spinning process. Each solution was loaded into a disposable plastic syringe 

(10 ml) with a 22 gauge needle. The needle was connected to the positive terminal of a 

voltage generator (Glassman High Voltage, Series EL) and a 15-cm diameter aluminum plate 

covered with a thin aluminum foil (the collector) was connected to the negative electrode of 

the power supply (ground).An operating voltage of 15 kV, polymer solution flow rate of 8 

μL/min (computer-controlled syringe pump) and working distance of 22 cm (needle tip to 

collector) were used. Electrospinning was run at room temperature and humidity between 

30%-40%.  
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The morphology of the nanofibers in the electrospun mats was examined using a field 

emission scanning electron microscope (FE-SEM, JEOL, 6400F) operating at 10 kV, 

working distance of 20 mm. The average radius of the fibers was determined after analyzing 

40 random fibers in each image (JEOL revolution software) 

A dynamic scanning calorimeter (DSC-Q100, TA Instruments, New Castle, DE) was used to 

analyze the fiber mat samples; aluminum pans were used for the scanning. The samples were 

left overnight at 40 C in a vacuum oven to remove any residual moisture present. DSC 

thermograms were obtained by removing first the moisture and thermal history of the 

samples, equilibrating at 40 C for 1 minute and heating to 105 C, keeping isothermal 

during 12 minutes. The heating cycle was carried out after cooling to 40 C followed by 

equilibration during 3 min and heating up to 200 C. All data was collected after the second 

heating cycle. A ramp of 10 C per minute was used for all heating/cooling cycles. All 

experiments were run using hermetic pans with a small hole intentionally open to remove 

moisture of the samples.  

Fourier Transform Infrared Spectroscopy (FT-IR) measurements were carried out on 

a NICOLET Nexus 670 FT-IR (Thermoscientific) in reflectance mode with a wavenumber 

resolution of 4 cm
-1

 and using 64 scans per sample. The fiber mats were dried overnight in 

vacuum oven at 40 C before grinding them with potassium bromide (1 mg sample per 100 

mg KBr) to produce the FTIR pellets. 

The viscosity of solutions was determined at 25 °C by using a AR2000 rheometer 

(TA Instruments, New Castle, DE). A 40 mm steel plate geometry was used (parallel plate 

configuration) following a continuous flow procedure, the shear rate ramp going from 
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0.1−1000 s−1. The surface tension was measured by using a DCA-312 CAHN  balance 

(Thermoscientific), the  conductivity was measured at room temperature using a conductivity 

meter (Corning Inc., model 441).  

The advancing water contact angles on the surface of electrospun mats were 

measured with a Phoenix 300 system (SEO Corp., Korea). The images of the sessile drop 

were analyzed using the “Image J” software (National Institutes of Health, U.S.) with the 

appropriate plugging for analyzing the images (Drop Snake, Biomedical Imaging Group, 

Ecole Polytechnique Fédérale de Lausanne (EPFL)).
28

 The reported results represent 

averages of at least three measurements for each substrate. 

6.4 Results and Discussion  

6.4.1 Rheological behavior of electrospinning solutions 

At the polymer concentrations considered here all samples exhibited a shear thinning 

behavior (Figure 6.1). The flow curves for solutions of glycinin and SPI followed different 

trends, as observed in Figure 6.1a. The apparent viscosity of solutions containing glycinin 

decreased as the concentration of lignin increased (up to a 1:1 ratio) then increased again. 

The viscosity values followed the order (from largest to smallest values) G1>G4>G3>G2, for 

the entire range of shear rates used. For soy protein isolate (SPI) the trend is a slightly 

different: at low shear rates the apparent viscosity follows the trend I1I3>I2>I4 and at high 

shear rates the trend is I1>I2>I3I4. The similar behavior observed for samples I1 and I3 

may be due to the formation of microstructures in sample I3. It also may be explained by 

proteins aggregation and formation of clusters in solution that contributed to an increased 



 

144 

viscosity; the latter effect is discussed further below in light of the given interfacial 

interactions.  

 

Figure 6.1. Rheological behavior of electrospinning solutions obtained by using continuous 

flow procedure at 25 C, parallel plate geometry (40 mm steel plate). 1000 µm gap. G and I 

correspond to glycinin and SPI respectively.  

  

6.4.2 Nanofiber production and morphology 

SEM images of nanofibers prepared from soy glycinin 11S (G) and soy isolate (SPI) 

at different ratios soy protein:lignin (P:L) can be observed in Figure 6.2. Uniform fibers were 

obtained after electrospinning; however, some fiber engrossments was observed for fiber 

samples obtained from the highest protein:lignin ratio (P:L=3.5:1 for G1 or I1). This can be 

explained by the properties of these electrospinning solutions: The G1 and I1 precursor 

solutions (3.5:1 protein to lignin ratio) were the most viscous and also had the lowest 

conductivity (see Table 6.1). The uniform morphology observed in the electrospun 

nanofibers indicates favorable interactions between lignin and protein; these interactions are 
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enhanced by the presence of carboxylic groups in both soy protein and lignin. Synergistic 

interactions in lignin-PEO
10

 and lignin-PVA
12

 precursor solutions to produce electrospun 

fibers have also been reported.  

 

Figure 6.2. FE-SEM images of soy protein/lignin nanofibers. Scale bar shows 5 µm. Top 

row: glycinin-lignin nanofibers, bottom row: SPI-lignin nanofibers. Note the increase in 

fiber’s diameter with increase in lignin content (from left to right).  

 

 It can be observed that for both blends with glycinin and SPI  the diameter increased with 

the amount of lignin (Table 6.2).  

Table 6.2. Diameter of electrospun fibers produced from precursor solutions containing soy 

protein (P) (glycinin and isolate) and lignin (L). 

Sample Glycinin Isolate 

1 125±27 113±26 

2 191±31 246±38 

3 280±38 222±29 

4 392±50 438±49 
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In order to evaluate qualitatively the occurrence of  phase separation and presence of 

possible polymer domains in the blend, films casted from each solution were prepared and 

imaged (SEM) in cross sections after cryo-fracture (Figure 6.3).  

No micro phase separation was observed in films produced from blends with protein-

to-lignin ratio of 3.5:1 (G1) and 1:1 (G2). However, some small aggregates (clusters) were 

formed when the protein concentration was reduced (G3 and G4). Similar effect is observed 

in blends with soy isolate (I), but in this case small aggregates already appeared in the 1:1 

protein-to-lignin ratio system. This effect can be ascribed to the size and shape of the 

macromolecules: compared with lignin, globular proteins have a larger effective volume. In 

systems with high protein loading (protein-to-lignin ratio of 3.5:1) lignin molecules have a 

considerable mobility in the blend, because their relative small size. When lignin is the major 

constituent (protein to lignin ratio 1:3.5) the proteins are “embedded” in the lignin matrix and 

due to their larger size their molecular mobility is restricted. In addition, it is expected that 

unfolded protein molecules expose their hydrophobic amino acids, which improves further 

the interactions with lignin, but the hydrophilic amino acids self-exclude from the blend, 

contributing to cluster formation.  The formation of hydrophobic clusters of soy protein in 

alkaline conditions (pH 9.5) and have been reported, depending on the ionic strength
29
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Figure 6.3. SEM cross section images of films after cryo-fracture. G and I samples (see Table 

6.1) are included for different protein:lignin ratios. The respective composite images include 

low magnification (50 m scale bar, left), medium (5 m scale bar, center) and high (1 µm 

scale bar, right). The top row of each image at medium and low magnification shows the 

upper side of the film (air-liquid interface) whereas the bottom shows the side of the film in 

contact with teflon petri dish.  
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6.4.3 Thermal properties of soy protein-lignin fibers 

DSC results for the fiber mats prepared from soy protein and lignin are shown in 

Figure 6.4 and Table 3. Two endothermic transitions were observed for each protein fiber 

mat, one weak peak around 95 C and a broader peak around 120 C. These two peaks were 

also present in nanofiber mats produced from glycinin, probably due to some contamination 

with beta conglycinin during fractionation process.. Two thermal transitions have been 

reported for DSC analysis of SPI powder,  ascribed to the denaturation of the main globulins 

present in soy isolate, beta-conglycinin (76 C) and glycinin(91.5 C), respectively.
30

. The 

higher transition temperatures obtained in this study (95 C and 120 C) might be related the 

thermal history of the polymers and elimination of moisture content of the samples. Water 

acts as a plasticizer for the proteins, therefore after removal of moisture an increase in 

thermal transition is expected. In the present case all samples were heated from 40 to 105 C 

(10C/minute), and annealed for 12 minutes at 105 C in a hermetic pan with a small orifice 

to allow release of moisture before carrying out the heating cycle.  

Thermal evaluation of the nanofiber mats also exhibited two transition temperatures, 

the smallest one around 95 C and the highest thermal transition shifted towards the Tg of 

lignin (130 C) as the concentration of lignin increased (for both nanofibers types, either with 

glycinin or isolate). These results suggest that the thermal stability of the nanofiber mats 

increased with the addition of lignin. Similar results were observed in the evaluation of soy 

protein plastics with alkali lignin as a filler, resulting in plastics with improved mechanical 

and thermal properties, the effect was attributed to strong interactions between lignin and soy 

protein.
20
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In our case the interactions between lignin and soy protein can be also benefited from 

the presence of PEO in the mixture, as has been reported previously for systems containing 

soy protein and PEO.
8, 9

  It has been also pointed out that PEO interacts favorably with 

proteins through hydrogen bonding, through coordination contacts to positively charged 

amino acid residues and through hydrophobic interactions.
24

. Similarly, lignin contains 

phenolic and aliphatic hydroxyl groups that can also interact with PEO, which will affect the 

thermal behavior of the nanofiber mats. No evidence of melting peak of PEO is observed in 

the nanofiber’s DSC curves, this suggest that PEO interacts favorably with lignin and SPI 

producing a miscible blend. Similar results have been obtained for nanofibers from SPI-PEO 

blends, the lack of melting peak attributed to good miscibility of the polymers.
9
 

The results in Figure 6.4 also indicate better miscibility of lignin with glycinin as 

evidenced by the the disappearance of the peak corresponding to glycinin around 120 C. 

This support our SEM observation of apparent aggregates in samples of isolate (I2, I3, I4) 

but not in samples containing glycinin. The immiscibility of Kraft lignin-SPI mixtures has 

been reported  in the evaluation of plastic sheets
20

  formed from solutions of these 

biopolymers with a high concentration of lignin. It was pointed out that such immiscibility 

improved the mobility of protein molecules in the mixture.
20

 Results in table 6.3 shows that 

the value of Cp increases with the content of lignin in the fibers, similar effect has been 

reported for SPI-PEO blends, it has been attributed to the enhancement of molecular mobility 

of the polymers in the blend. 
20
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Figure 6.4. DSC curves for nanofibers produced from and glycinin (a) and isolate (b). Note 

the presence of two transition peaks at 95C and 120C for samples of pure glycinin and soy 

Isolate 
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Table 6.3. Transition temperatures for different fiber mats studied 

Sample 

G1 

P:L 

3.5:1 

G2 

P:L 

1:1 

G3 

P:L 

1:2 

G4 

P:L 

1:3.5 

I1 

P:L 

3.5:1 

I2 

P:L 

1:1 

I3 

P:L 

1:2 

I4 

P:L 

1:3.5 

PEO Glycinin SPI Lignin 

Tg1 

(C) 
93.8 95.3 95.1 94.8 95.1 95.5 94.2 95.4 68.7

a 
94.2 94.5 130 

Tg2 

(C) 
129.8 132.4 133.5 132 125.6 125 133.1 134 ----- 120.3 124.7 ----- 

H 

(J/g) 
2.17 3.98 5.37 6.03 2.45 3.83 3.81 4.50 193 1.9 1.5 20.9 

Cp at 

Tg2 
0.04 0.08 0.11 0.12 0.049 0.077 0.076 0.090 ---- 0.04 0.03 0.42 

a
 melting temperature for PEO.  

 

6.4.4 FTIR analysis 

 FTIR measurements were carried out to evaluate the interactions between soy 

proteins and lignin in the nanofiber mats produced by electrospinning. Results shown in 

Figure 6.5 for samples from both glycinin and isolate indicate two regions of interest, a 

region from 3800-2750 cm
-1

 and the fingerprint region from 1700-750 cm
-1

.  The broad band 

observed around  3400 cm
-1

 is characteristic of  hydroxyl groups  and  the small peak around  

2900 corresponds to CH stretching. It can be observed that for nanofiber mats from both 

proteins the peak around  3400 cm
-1

 broadens as the concentration of lignin increases which 

suggest improved interactions between soy proteins and lignin through hydrogen bonding, 

enhanced by the presence of PEO.  
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Figure 6.5. FTIR spectra of PEO, SPI, G, lignin and electrospun fiber mats of soy protein-

lignin. The region between  1800-600 cm
-
1 is zoomed at the right.  

 

A closer look to the region 1800-800 cm
-1

 can be seen in Figure 6.5. In this region 

each component display different fingerprint, for instance PEO display a triplet (1152, 1100, 

1069) with maximum at  1100 which has been attributed to its crystalline phase.
31

 The 

intensity, shape and position of this triplet for PEO depends on  the crystallinity of the 

polymer and interactions of the C-O-C group with other groups in a blend.
9, 31

 No evidence of 

the appearance of this peak in the nanofiber mat samples is observed in the FTIR spectra, 

indicating favorable interactions between the PEO, soy protein and lignin in the mixture. 
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Similar results have been observed for pure blends of SPI with PEO, indicating the reduction 

or disappearance of cristallinity of the PEO in the blends.
9
 The characteristics peak for lignin 

in this region can also be observed in Figure 6.5. The peaks at 1600, 1540, 1505-1510 cm
-1

 

correspond to aromatic skeletal vibrations, the peak at 1460 cm
-1

 are assigned to C-H 

deformation in methoxyl groups; the peak at 1418 cm
-1

 corresponds to aromatic skeletal 

vibrations combined with C-H in plane deformation; the weak peak at 1366 corresponds to 

phenolic OH groups and aliphatic C-H stretch; the peak at 1266 is assigned to C-O stretch 

and aromatic skeletal vibration of guaiacyl ring. Finally, the peaks at 1214, 1134, 1076 and 

1044 cm
-1

 correspond to aromatic in plane C-H deformation. Regarding this area it can be 

observed that the lignin peaks in the region from 1271-1000 cm
-1

 develop in the nanofiber 

mats samples and that the strength of these peaks increased with the concentration of lignin 

in the sample (i.e., from sample 1 to 4). Similarly the weak peak corresponding to OH 

phenolic group showed up in the nanofiber samples.  

Regarding the fingerprint of the protein, the peaks characteristic of the amide bands 

correspond to the amide bonds linking the amino acid chains, in the 1800-800 cm
-1

 region. 

The amide I (1600-1690 cm
-1

) indicate stretching vibrations of the C=O bond of the amide, 

the amide II region (1480-1575cm
-1

) correspond to bending of the N-H bond, the amide III 

band (1229-1301 cm
-1

).
32, 33

 The amide I band can give insight about the secondary structure 

of the protein by appropriate deconvolution of the peaks. In the case of glycinin these three 

amide bands appear at 1645 cm
-1

 (amide I), peaks at 1545 cm
-1

 (amide II), and 1240 cm
-1

. 

The corresponding peaks of these amide bands are very weak in the samples containing 

lignin and soy protein. For nanofibers containing glycinin-lignin, the amide band only 
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appears for sample G1. The amide II band is only present as a weak peak in sample G1. 

Similarly amide I band shows up with more or less the same shape in sample G1 but as a 

weak peak for samples G2,G3, and G4; however this weak peak shifts toward higher 

wavelengths (1664 cm
-1

). Similar behavior is observed for nanofibers containing soy protein 

isolate: the amide III band disappear in FTIR spectra of all SPI samples. The amide II band is 

observed as a weak peak only in spectrum of sample I1. The amide I peak in sample I1 

displays a similar shape than that for pure soy isolate but as was the case of glycinin, it shifts 

toward higher wavenumbers (1664 cm
-1

) for samples I2, I3 and I4. The weak peak observed 

for amide I region in nanofibers of both glycinin and SPI with increasing amount of lignin 

indicates the loss of secondary structure of the protein in these mixtures. This denaturation 

(unfolding) of the protein molecule improves entanglement with the lignin and PEO 

molecules in the blend which in turn is favorable to achieve uniform fiber formation by 

electrospinning. The disappearance of the amide II and III band with increasing 

concentration of lignin might be an indication of good miscibility of these two biopolymers. 

6.4.5 Wettability of lignin-soy protein electrospun nanofibers  

The advancing contact angle of webs of electrospun nanofibers are shown on Figure 

6.6. A reduction in the initial advancing contact angle is observed as the lignin content in the 

fiber increases, i.e., the fibers become more hydrophilic. This result can be explained by the 

type of lignin used, which was derived from alkaline aqueous solutions from Kraft processes. 

No changes of the measured contact angle were observed during short initial timers time until 

the water droplet was fully sorbed into the substrate (after <30 s). The results in Figure 6.6 

also suggest that the composition of the outer layer of the nanofibers is dominated by the 
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component in the polymer blend that is present in larger amounts. For samples containing 

large amount of protein (protein-to-lignin ratio of 3.5:1) the contact angle was relatively 

high. This is probably due to the effect of denaturation of the protein in solution, which 

promotes exposure of the hydrophobic amino acids to the surface. In turn, this effect is 

enhanced further under the high electric field present during the electrospinning process. 

Similar trends in contact angles were observed in PVA-lignin nanofiber systems: the polymer 

domains present as an outer layer on the fibers were dominated by the principal component 

of the system.
11

  Finally, it is interesting to note that in the case of SPI surface enrichment 

does not follow the linear trend observed in the case of glycinin.  

 

 

Figure 6.6. Wettability of soy protein electrospun nanofibers. 
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6.5 Conclusions 

Nanofibers from commercial soy isolate and glycinin in mixtures with lignin using 

PEO as a coadjutant were successfully produced and indicated a good compatibility between 

these polymers. An increase in fiber diameter was observed with lignin loading in the 

mixtures. Favorable interactions between glycinin and lignin was evidenced by the 

disappearance of glycinin’s DSC thermal transition peak as the lignin content increased. An 

increased thermal stability was indicated by a small increase in thermal transition compared 

to the Tg of lignin (130 C). The interactions between soy proteins and lignin are favored by 

hydrogen bonding, which is further improved by the presence of PEO in the mixture. Overall 

lignin and soy proteins can be used to produce new materials suitable for different 

applications. In addition, the vast amount of functional groups in both lignin and protein in 

these materials open the door for chemical modifications which can expand their range of 

applicability. Altogether, the results indicate the compatibility between soy proteins and 

lignin, two underutilized materials readily available as byproducts from different processes 

and that are suitable for the production of added value materials. 
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7 Conclusions and Future Work 

Soy globulins 11S and 7S were successfully fractionated, characterized, and their 

adsorption onto different substrates (silica, cellulose and lignin surfaces, mainly) was 

investigated. The results indicate different features as far as the adsorption behavior of each 

protein. This is in part because their affinity with each substrate is governed by different 

interactions, including DLVO interactions (electrostatic and van der Waals forces) as well as 

non-DLVO ones (hydrophobic and hydrogen bonding, etc.). In addition, it is concluded that 

structural differences when the different soy protein molecules are compared play a critical 

role in their adsorption. These structural differences are emphasized depending on the 

physicochemical environment. For instance, changes in ionic strength and pH affected the 

association-dissociation of the proteins and thus produced distinctive changes in adsorption 

on the hydrophilic surfaces. The solution and adsorption behavior of glycinin resembles 

those of a typical amphoteric macromolecules, which can be beneficial in applications where 

pH, ionic strength can be used to tune the performance of the system (for example, to 

improve fiber bonding in papermaking). 

The results also highlight the contribution of favorable interactions between soy 

proteins and lignin as well as the more hydrophobic substrates (organic SAMs and PP); in 

general, the soy protein adsorbed amounts on such substrates were higher compared to 

cellulose. In turn, this leads to a larger surface coverage since the hydrophobic amino acids 

of the macromolecule are exposed when the soy proteins is denatured.  This phenomenon 

was exploited to enhance the wettability of the substrates: since the hydrophilic amino acids 

of soy protein do not participate in the adsorption they remain available to the surrounding 
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aqueous medium and increase the interactions with water.  This result is relevant in 

applications involving protein-lignin surface interactions, for instance in wood adhesives, 

were a higher spreading of the adhesive on the surface is key to produce a better interfacial 

bonding.  

The favorable interactions between soy proteins and lignin were further evidenced in 

the production of electrospun nanofibers. The results showed good compatibility of these two 

biomacromolecules, enhanced by hydrogen bonding and hydrophobic effects. Defect-free 

fibers were produced with increased diameter as the lignin content in the mixture was 

increased. There is indication that added-value functional materials can be produced from the 

underutilized renewable resources that were considered in this work.  

The modification of hydrophobic PP surfaces by adsorption of soy proteins was also 

demonstrated. Physical adsorption of soy proteins onto hydrophobic PP provided enough 

coverage for the surface to shift its wetting behavior from highly hydrophobic to very 

hydrophilic, rendering a modified material suitable for water uptake (by twenty five- times its 

weight). These results are very relevant to applications ranging from textiles to health care 

applications. An added attribute is that hydrophobic substrates (often chemically inert such as 

PP) carrying the adsorbed proteins make their functional groups available for post-processing 

(grafting, physical and chemical coupling, etc.).  

It is suggested that future work related to the application of soy proteins for surface 

modification should take advantage of their large extent of adsorption on both hydrophilic 

and hydrophobic substrates; for instance, adsorption of soy proteins on cellulosic surfaces 

could be an advantage in the development of bioactive surfaces. Under the presence of other 
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chemical agents and appropriate conditions soy proteins can change the redox state of copper 

and other metallic ions to produce an easily traceable change in optical properties.  

The compatibility between lignin and soy proteins could be advantageous in the study 

of enzymatic hydrolysis of cellulosic substrates, where the yield of enzymatic process can be 

limited by the presence of lignin. In addition, blends of soy protein and lignin similar to those 

used as precursor solutions for electrospinning could be tested as wood adhesives.  

Further work on surface modification for textiles should be focused on testing salt-containing 

fluids such as artificial urine. In such cases the proteins can be cross-linked to the 

hydrophobic surface and thus produce a more stable layer for further chemical modification. 

A related application that can be explored is that of dye uptake by hydrophobic 

polypropylene nonwovens after modification with soy proteins. 


