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 Abstract  

Fourier transform infrared microspectroscopy was used to determine protein secondary 

structure in hard wheat breeding lines in situ, providing a molecular means to rank endosperm 

hardness for the selection of wheat cultivars for a specific end-use.  Mapping with a single 

masked spot size diameter of 4.5 µm or confocal 5 µm on beamlines U10B and U2B, 

respectively, produced spectra from the subaleurone layer within each wheat kernel using the 

high spatial resolution available with synchrotron infrared microspectroscopy.  This procedure 

was used for the first four crop years.  A focal plane array instrument was adapted for use for the 

remaining two crop years with a slight reduction of spatial resolution.  Deconvolution and curve 

fitting were applied to the amide I region of spectra selected from the interstitial protein between 

the starch granules, and the relative amount of α-helix to other protein secondary structures was 

revealed.  Over six crop years, the α-helix to β-sheet ratio of experimental wheat varieties were 

compared to those of released varieties in 143 mapping experiments.  The highest measurable 

value was 2.50 while the lowest was 1.11, a range consistent with hard wheat secondary structure 

determination found in previous studies (13, 16).  The determination of protein secondary 

structure provides a means of ranking experimental breeding lines for selection in specific end-

use applications.   

FT-IR microspectroscopic imaging was used to develop a method, using myoglobin as 

the model protein, to study the effects of thermal processing to 100 ˚C on protein secondary 

structure.  Films cast onto highly polished stainless steel plates allowed the study of the exact 

same film before and after heating.  Analyzing the shift in the amide I peak maxima of reflection 

absorption spectra for 280 pixels from myoglobin films revealed the depletion of α-helix at the 

expense of other protein secondary structures.  Deconvolution and curve fitting techniques were 

applied to the amide I region of each spectral average to model protein secondary structure 

components found within the region.  The method developed was applied to another animal 

source, gelatin, and a plant source, wheat gluten. 
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Chapter 1- Determination of Endosperm Protein Secondary 

Structure in Hard Wheat Breeding Lines Using Synchrotron 

Infrared Microspectroscopy: Ranking endosperm hardness based 

on the ratio of alpha helix to beta sheet. 

Literature Review 

Cultivars exclusively in the hard wheat class vary in their potential as bread quality wheat 

lines.  The same molecular structural features that clearly differentiate the endosperm of hard 

from soft classes are a convenient objective means to facilitate hardness trait ranking among 

breeding lines.  The hardness of wheat endosperm remains the single most important trait in 

selecting wheat to produce flour for specific end-uses.  Three classes of wheat increasing in 

hardness are soft, hard and durum.  Applications of soft wheat flour include cake and pastry 

making, while durum is used exclusively used for pasta manufacturing.  Flour produced from the 

endosperm of wheat belonging to the hard wheat class is known to be the most desirable for 

bread making and is the main focus of this study.  Determining the hardness level of wheat 

endosperm not only allows bakers to specify a desired quality, but also breeders to select an 

experimental variety that will be used for future breeding lines and scientists to research specific 

attributes related to cereal quality.  Physical methods have been used to define wheat kernel 

hardness and its resistance to deformation.  Soft wheat endosperm is characterized by the 

tendency to fracture more easily, providing low levels of starch damage and the production of 

flour of fine particle size.  Hard wheat, on the other hand, tends to have fracture planes, high 

levels of starch damage and coarser particle size.  Within the past two decades, with the 

broadening of the genetic base of wheat, new breeding lines have required sophisticated 

instrumentation to carefully monitor endosperm hardness.  The objective of this study is to apply 

a molecular based approach to endosperm hardness that, until recently, has not been practical. 

Wheat Endosperm Hardness 

Genetic Consideration:  It wasn’t until the 1960s that hardness was not a mere factor of 

physical resistance, but a matter of the structure of endosperm protein.  Symes postulated in the 
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mid 1960’s that through particle size index measurements and backcrossing of hard and soft 

wheat breeding lines, that hardness was a result of gene expression (1).  In 1973 it was suggested 

that hardness was related to the adhesion of protein to the starch molecule and the molecular 

weight of this protein (2, 3).  In that same year, the gene controlling grain hardness, Ha, was 

found to be located on the short arm of 5D chromosome (4).  The Ha gene is linked to the 

production of Friabilin, a 15 kDa polypeptide also known as the Grain Softness Protein, GSP, 

and is found on the starch granule surface of soft wheat varieties but absent or only slightly 

expressed in durum and hard wheat, respectively (5).  Friabilin is further composed of 2 proteins, 

puroindoline-a and -b.  These are found in the starchy endosperm and thought to bind lipids 

through the tryptophatic rich regions from which they were named (6).  This could be related to 

the lack of adhesion between the starch granules within soft wheat endosperm.   It was further 

shown that a mutation on the 46th position of puro-b, causing a change from a glycine amino acid 

residue to serine in hard wheat changes the protein structure, thus decreasing the affinity for 

membrane lipids (7).   In addition, it was found that other mutations can cause wheat endosperm 

hardness.  For example, the absence of puro-a, a switch from Leu-60 to Pro-60  or Try-44 to 

Arg-44 in puro-b, or the absence of puro-b combined with the mutation of Trp-39, Trp-44, or 

Cys-56 to a stop codon on puro-a.   This is summarized in the 2002 review of strictly 

puroindolines by Morris (8).  Turnbull and Rahman (9) and Anjum and Walker (10) give a 

complete review of the classification of wheat endosperm texture and the roles of protein and 

starch thoroughly defining previous work done in the area of endosperm hardness. 

Protein Secondary Structure: The PhD dissertation research of Oliver Piot under the 

direction of Professor Manfeit at the University of Reims, France opened the door and provided 

motivation for the present study.  In the late 90s Piot spoke at the American Association of 

Cereal Chemists (AACC) conference in Seattle, WA regarding what he termed the millability of 

wheat.  His objective was highly localized chemical analysis of the inner aleurone cell wall in 

contact with the endosperm.  Using confocal Raman microspectroscopy, with the incident laser 

focused down to a 1 µm spot size, the high spatial resolution achieved enabled the in situ study 

of individual cell walls within the wheat kernel.   The concentration and location of ferulic acid, 

protein and arabinoxylans were related to adhesion and thus the millability (edge of physical 

separation) of wheat (11).   In the subsequent report, changes in ferulic acid derivatives and 

arabinoxylans in the aleurone cell walls and starchy endosperm during maturation of both hard 
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and soft wheat varieties, which he again related to physical separation in milling (12).   Confocal 

Raman microspectroscopy was advantageous due to its ability to use samples approximately 50 

µm thick.  Thick samples allowed the study of wheat kernels throughout the maturation process 

since immature kernels are essentially impossible to section.  Protein secondary structure was 

determined at four stages of maturation.  Figure 1.1 shows that during the maturation process of  

hard wheat, the α-helical content increases at the expense of the β-sheet form.  In contrast, 

mature soft wheat had nearly equal amounts of the two forms (13).  Point for point spectra from 

confocal Raman microspectroscopy had excellent spatial resolution for the fundamental French 

study.  Published accounts, by Piot, of other changes involved during maturation, including the 

cohesion of starch and protein as well as the phenolic compounds and arabinoxylan character 

through analysis of endosperm cell walls, can also be found (13, 14, 15).   

 
Figure 1.1: Changes in the percentages of α-helix and β-sheet secondary structure in maturing hard and soft wheat 
varieties. (Reprinted from 13)
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For assisting Kansas Agricultural Experiment Station wheat breeders mapping with FT-

IR microspectroscopy would enable collecting many spectra within the endosperm to use for 

characterizing alpha-beta ratios of current hard wheat breeding lines.  A synchrotron source was 

used to enhance spatial resolution.  The long term study reported here was initiated by Wetzel 

and coworkers (16) who used synchrotron infrared microspectroscopy to determine the relative 

α-helix to β-sheet ratio in wheat endosperm.  Using deconvolution and curve fitting techniques, it 

was found in the previous study that results corresponded to those with Raman.  The range of 

protein secondary structure ratios for hard wheat was 2.10-1.57, while the range for soft wheat 

tested 1.07-0.96, see Figure 1.2.  These results are similar to those seen for mature kernels in 

Figure 1.1.  FT-IR microspectroscopy was restricted to the study of mature kernels due to the 

necessity for 4-6 µm thicknesses. 

 

 
 
Figure 1.2: Comparison between α-helix (solid) to β-sheet (open) in hard (top) and soft (bottom) wheat breeding 
lines at maturity. (Reprinted from 16) 

Molecular Endosperm Hardness Measurements 

Protein Structure: The primary structure of proteins consists of a mixed polypeptide 

chain of any of 20 different amino acids linked together.  They differ in amino acid composition 
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and sequence.  A typical amino acid contains the central α-Carbon (Cα) connected to a carboxylic 

acid group (COOH) and an amine group (NH2).  A third branch exists between the Cα covalently 

bound to one of the 20 different amino acid side chains.  These side chains range from non-polar 

to polar with positive, negative, or no charge.  The amine group of one amino acid forms a  

covalent bond with the carboxyl group on a neighboring amino acid to form the peptide group 

shown in Figure 1.3. 

 
Figure 1.3: Molecular model a typical peptide bond, showing the phi (Ф) and psi (Ψ) angles involved in the rotation 
of the peptide chain to produce a characteristic secondary structure. (Reprinted from 17) 
 
 Protein secondary structure has been defined as “the local spatial arrangement of a 

polypeptide’s backbone atoms without regard to the conformations of its side chains” (18).  

Secondary structure is the shape unto which a protein assembles, governed by the rotation of phi 

(Φ) and psi (Ψ) angles.  Phi is the angle between the α-carbon and nitrogen, and psi is the angle 

between the α-carbon and carboxyl carbon.  Due to van der Waal’s forces, phi and psi angles are 

only able to move to a certain degree.  The Ramachandron diagram has widely been accepted as 

an outline of the allowed conformation of these polypeptides (18, 19).  Figure 1.3 shows the 

molecules involved in a peptide bond and the location of the phi (Φ) and psi (Ψ) angles. 

 Alpha helix, Figure 1.4, and β-sheet, Figure 1.5, are termed “regular secondary 

structures” due to the repetition of phi and psi angle orientation along the entire length of the 

structure.  The α-helix consists of 3.6 residues per turn with a pitch of 5.4 Å (18, 19).  The phi 

angle is set at -60˚ and psi is -50˚ (20).  The oxygen of the nth carboxylic group hydrogen bonds 

to the n+4 hydrogen of the amine group. 
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Figure 1.4: Molecular model of a typical α-helix. (Adapted from 17) 
 
 

 
Figure 1.5: Molecular model of an antiparallel (a) and parallel (b) β-sheet.  Dashed lines between peptide chains 
represent hydrogen bonds. (Adapted from 18) 

5.4 Å 

7.0 Å 
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 Beta sheet, on the other hand, is a combination of hydrogen bonded chains folding into an 

accordion like shape.  Two to 22 chains make up a single β-sheet structure with a pitch of 7.0 Å 

between each successive accordion fold.  The set angles for the β-sheet structure are as follows: 

Φ= -120˚ and Ψ= +140˚ (20). 

 Information regarding other, nonrepetitive, protein structures such as the random coil and 

β-turn can also be found (18).  These structures will be mentioned, but the focus of the present 

study is α-helix and β-sheet. 

X-Ray Diffraction:  The connection of electron density, found within a crystalline 

structure to protein structure is X-ray diffraction.  Its application for use in protein structure 

analysis stems from the work on horse hemoglobin and sperm-whale myoglobin by Perutz (21, 

22) and Kendrew (23).  Now a frequent use of the synchrotron source is diffraction of large 

proteins.  Synchrotron X-ray diffraction has revolutionized the field of protein structural data.  

The high energy produced by the synchrotron provides extra sensitivity and there is no limit to 

the protein’s molecular weight.   X-ray diffraction is an excellent method for determination of 

three-dimensional structure, but there are, however, associated disadvantages.  The most serious 

is that the protein has to be crystallized and the crystal needs to be of high purity.  X-ray  

instruments are much higher is cost compared to other methods of protein structure analysis (24).  

Protein extraction is required for crystallization, therefore the in situ study of food particles is 

restricted.  Also, the ability to analyze the dynamic characteristics of the protein is impossible.

 Vibrational Spectroscopy:  Vibrational spectroscopy elucidates molecular structure with 

fundamental vibrations, ie. infrared and Raman.  The mid-infrared region, spanning from 4000-

500 cm-1 or 2.5-20 µm, is used to study fundamental vibrations involving the vibrational motion 

of a molecule.  A molecule must produce a change in dipole moment in order to exhibit 

fundamental vibrations.  In the condensed phase, stretching and bending vibrations are of interest 

(25).   Infrared spectroscopy has been used to predict protein structure since approximately 1950 

through the comparison of X-ray crystallographic data to the amide I band of polarized infrared  

spectra (26).  Elliot and Ambrose were the first to correlate the secondary structure to the amide I 

region in the infrared spectrum.   C=O stretching vibrations are the main contributors to the 

amide I region spanning from approximately 1700-1610 cm-1.  Hydrogen bonding (24) and 

transition dipole coupling (TDC) (27, 28, 29, 30) are two theories that have been proposed to 

relate the frequency of curves within the amide I region to specific secondary structures. 
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 Hydrogen bonding within the α-helix structure, as previously stated, is the non-covalent 

bond between the oxygen attached to the carbonyl (n) and the hydrogen on the n+4 residue.  

Jackson and Mantch (24) state that the frequency position of a particular peak is related to the 

strength, length and direction of the hydrogen bond.  A hydrogen bond between two turns 

stabilizea an α-helix, for example, while the β-sheet is stabilized by hydrogen bonding between 2 

adjacent strands.  The hydrogen bonds between the β-sheet strands are shorter and therefore 

show up at a lower frequency.   

 In an extended review of protein vibrations involved in infrared analysis, Barth and 

Zscherp (27) attribute the location of secondary structure frequencies to TDC of neighboring 

amide bonds.  Oscillations across the amide group create waves that constructively or 

deconstructively interfere.  For β-sheet there are two different combinations of constructively 

interfering waves, and thus the reason for the two β-sheet peaks found within the amide I 

infrared region.  Abe and Krimm studied the effects of TDC on polyglycine (28).  Miyazawa 

used a set of equations referred to as a perturbation treatment in order to characterize vibrations 

involved between adjacent peptide groups.  These vibrations are then related to the frequency of 

secondary structures (29). Work by Mayazawa and Krimm are just a few of the studies that 

determine protein structure through the force field surrounding the protein.  An extended review 

by Krimm and Bandekar (30) of this concept as well as other research on the forces around the 

peptide bond can be referred to for more information on this theory. 

 Studies looking at the contribution of amino acid side chains have shown through 

analysis of protein in solution, that amino acid side chains do, in fact, contribute and add to the 

amide I absorption.  Amino acids such as tyrosine, asparagine, glutamine, arginine, and lysine 

show minor absorption in the amide I band (31, 32).  Reviews have stated that although these 

could affect the results, attempts to subtract out the spectrum of particular amino acids could 

introduce artifacts into data analysis (24, 27). 

Modern IR microspectrometers are possible when interferometer instruments are used.  

Fourier transform instruments offer several advantages over the outdated dispersive instruments.  

The ability to simultaneously record all wavelengths is known as Fellgetts or multiplex 

advantage.  Entrance and exit slits are no longer used to limit the light throughput, thus 

enhancing the signal (Jacquinot advantage).  The use of the liquid nitrogen cooled Mercury 

Cadmium Telluride (MCT) detector increases sensitivity of the instrument (33). 
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Fourier transform infrared spectroscopy (FTIR), Figure 1.6, involves the introduction of 

radiant energy into the system.  The light hits a beam splitter which, as its name applies, splits 

the beam into two perpendicular beams.  These reflect off of a set of mirrors.  One of the mirrors 

is fixed, while the other moves.  The velocity of the movable mirror is related to frequency in the 

infrared spectrum using the following equation: 

  f= (2/λ)*v 

The reflected energy is recombined by the beam splitter to give constructive interference 

between the two waves.  The detector, typically a liquid nitrogen cooled MCT, acts as a 

semiconductor when radiation hits, thus producing an electric charge.  This charged response is 

recorded as an interferogram which is then Fourier transformed into the spectrum that one will 

see (25). 

 
Figure 1.6: Diagram of a typical interferometer.  The velocity of the moving mirror is proportional to the frequency 
of the energy.  (Reprinted from 33) 
 

Infrared microspectroscopy involves the optically interfaced microscope to a 

spectrometer in order to view a sample and analyze the exact same location.  The infrared light 

travels along the same path as visible light in the microscope.  When recording a spectrum, the 

visible light is simply shut off or covered so as to not interfere with the infrared beam.  The 

applications range from the study of mis-folded protein diseases, such as Alzheimers,  

Huntingtons, Parkinsons, Mad Cow, Scrapie, and Creutzfedlt-Jakob disease (34), to the in situ 

analysis of grains.   
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Infrared utilizers are always “fighting” to maintain the energy of the signal.  The 

replacement of refractive objectives and condensers in a research grade microscope with 

cassegrainian mirror lenses (Figure 1.7), which have front surface optics that do not absorb 

infrared, was an important advancement along with avoiding slits in the spectrometer.  

Redundant Aperturing®, a confocal operation with an aperture before light goes through the lens 

and after it has gone through the sample and out the other lens, was necessary to produce spatial 

purity.  With just one remote projected aperture, the light “crawls” around the target area and  

accidentally samples unwanted area outside the target.  Because there is not spatial purity, the 

spectra of both the neighboring material as well as the target are collected.  Spatial resolution is 

the name of the game, and the challenge is to sample the “sea of protein” with a bunch of boats, 

starch granules, floating in the sea.  A more detailed description of infrared advancements can be 

found in the 1995 book chapter by Wetzel (33). 

 
Figure 1.7:  Diagram of a cassegrainian objective and condenser with apertures placed before the objective and after 
the condenser to achieve confocal operation. (Reprinted from 33) 
 

The fundamental frequency of interest, in terms of endosperm hardness, is found in the 

amide I region.  This region, centering around 1650 cm-1, is characteristic of the C=O stretching 

vibrations in a protein molecule.  Further down on the infrared spectrum lies the amide II and 

amide III bands.  The amide II band is not as sensitive to structural changes.  The amide III is 

sensitive, but, in terms of this study, is typically covered by vibrations from starch and 

hemicellulose (35).  When resolved using deconvolution, curve fitting, or a multivariate analysis, 

this peak reveals protein secondary structure.  A peak for α-helix typically appears at 1650 cm-1, 

while β-sheet appears around 1636 cm-1 (Figure 1.8).  Another peak around 1670-1695 cm-1 has 



 

11 

also been attributed to the antiparallel β-sheet structure (Figure 1.5a).  However, in this region 

the β-turn structure and peaks characteristic of aggregation appear, and oftentimes overlap or 

combine with the non-prominent β-sheet structure (37).  While many proteins, such as bacterial 

membrane proteins shown in Figure 1.8, exist as primarily α- or β-, plant proteins are 

heterogeneous. 

 
 
Figure 1.8: Model proteins consisting of mostly α-helix secondary structure (Bacteriorhodopsin and Myoglobin) or 
β-sheet secondary structure (Porin and Concanavalin A). (Reprinted from 36) 
 

Raman spectroscopy is another vibrational spectroscopic method used to compliment 

infrared spectroscopy.  Raman, as with infrared, has overcome some of the same issues with 

noise and high interference spectra through development of Fourier transform-Raman 

instruments and the use of near-IR lasers.  Raman is advantageous due to the ability to use 

thicker specimens.  As mentioned above, the use of confocal Raman microspectroscopy permits 

high spatial resolution (11, 12, 13, 14, 15). 

Recent applications have involved the determination of protein structure using the near 

infrared (NIR) spectrum (38, 39, 40).  These studies have looked at silk protein (40) and wheat 

gluten (38, 39).   Overall, NIR has an experimental advantage due to thick sample size, less 

interaction with water, and fast recording time, but, without use of fundamental vibrational 

bands, protein secondary structure study is completely dependent on chemometric statistical 

application.  Therefore, future work is needed to enhance the application of this method. 

Other Protein Structure Determination Methods:  In nuclear magnetic resonance 

spectroscopy (NMR), the response of each proton nucleus to its environment in the molecule and 

proximity to other protons enables construction of models with configurations consistent with the 



 

12 

resulting NMR spectra.  NMR allows interpretation of three-dimensional protein structure in 

solution and in solid state.  It wasn’t until the 1980s when the first three-dimensional protein 

structures were predicted (41, 42).  An extensive review (43) and literature (44) can be found 

regarding advancements in protein NMR spectroscopy.  

In the early 1970s the analysis of amino acid side chain frequency of occurrence and 

location within known proteins’ secondary structure, based on X-ray diffraction data, has been 

used to provide a means of predicting protein secondary structure for unknown proteins (45).   

After development of a model, it was then used to predict the secondary structure of unknown 

protein structures with 80% accuracy (46).  This method was advantageous at the time due to its 

ability to side step computer generated algorithms.  Although other attempts have been made to 

predict structure based on amino acid sequence, this has yet to be accepted as the primary 

method of analysis. 

Physical Kernel Hardness Measurements 

 Physical tests based on particle size resulting from a standard grinding operation are 

commonly used in commerce for the determination of kernel hardness of bulk specimens: 

pearling index determined by the weight of abraded material from kernel surface produced after 

a specific amount of time at a specific speed (47), particle size index measured by the amount of 

throughs collected from a set of sieves (48, 49, 50), and the optical response diffusely reflected at 

select near IR wavelengths related to light scattering and penetration depth (48, 51).   

 Miscellaneous tests were also employed.  Wheat breeder, Mattern (52), visual inspected 

crushed kernels under a microscope to assess hardness.  Agricultural engineer, Massie (53), uses 

a microphone to measure the acoustics during crushing of hard and soft wheat.  Eilert (54) used 

photo acoustics to measure the sound output from pulsed light bombardment of hard and soft 

wheat kernels. 

 In commerce, careless mixing in grain handling or adulteration of hard wheat lots with 

lower cost soft wheat resulted in single kernel testing method development.  The use of a force 

transducer to mechanically determine the resistance to crushing a kernel is known as the single 

kernel characterization system (SKCS) (55, 56, 57).  The commercial automated version licensed 

by the USDA and manufactured by Pertin Instruments is described under AACC Approved 

method 55-31 (48). 
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Complete destruction of the wheat kernel remains the underlying disadvantage of all 

previously described methods.  For this reason, in situ analysis of the wheat kernel offers 

advantages such as probing specific areas between the bran and central endosperm without the 

need for time-consuming fractionation.  Mills et al. provided a complete review of in situ 

analysis of wheat kernels (58).   

Although physical methods have been used extensively, it is well known that physical 

resistance is not the determining factor in endosperm hardness.  The chemical/molecular 

differences found in the endosperm of soft and hard wheat determines their end-use 

characteristics.  Raman and mid-infrared studies previously discussed (13, 14, 15, 16) form the 

basis of the present study.  It should be noted that most protein analysis has been done using 

protein in solution.  In situ analysis offers the ability to study molecular differences of protein in 

its natural environment.  Outside contamination and effects of heat, light and chemicals is 

reduced.   With regard to endosperm hardness, the application of in situ analysis of wheat applies 

a molecular understanding to what was once thought of as a purely physical characteristic. 

Experimental 

Instrumentation 

Fourier transform infrared (FT-IR) microspectroscopic data from the 2002 through 2005 

crop year was obtained from beamlines U10B and U2B at the National Synchrotron Light Source 

(NSLS) at Brookhaven National Laboratory (BNL), Upton, NY.  Figure 1.9 is a diagram of the  

NSLS synchrotron with its two storage rings and beamlines.  Electrons, A, in the synchrotron are 

accelerated to approximately 75 meV under high vacuum via a linear accelerator (LINAC), B.  

The accelerated electrons are then further accelerated in a booster ring, C, from which they can 

enter the X-ray storage ring or the vacuum ultraviolet (VUV) storage ring.  After entering the 

VUV ring at approximately 750 meV, eight bending magnets send the electrons around the ring 

to one of 17 possible radiation extraction outlets.  Radiation ranges from soft X-rays through the 

far infrared region.  Figure 1.10 shows the setup for the extraction of infrared light off of the 

VUV storage ring.  M1 is a water cooled copper, laser mirror that provides Bremsstrahlung 

shielding as it absorbs soft X-ray and VUV radiation and reflects it at right angles from the 

incident beam.  Mirrors 2-5 in Figure 1.10 are used to direct radiation to the microspectrometer.  

Vacuum is maintained up to the KBr window.  The compartment containing M4 and M5 are 
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purged with nitrogen.  An evacuated pipe, 10 m in length containing KBr windows at each end, 

extends from the extraction area to another set of steering mirrors that direct the synchrotron 

beam through a KBr window into the FT-IR spectrometer and infrared microscope.  The 

microscope and spectrometer are continuously purged with boil-off nitrogen (33).  The infrared 

beam follows the same path in the microscope as visible light that illuminates the specimen.  

This allows one to visually select the area to be mapped and collect spectra of the exact same 

area (60).   

 
 
Figure 1.9: Diagram of the National Synchrotron Light Source storage rings and beamlines. A) electron source, B) 
linear accelerator, C) booster ring. (Reprinted from 33) 
 

 
 
Figure 1.10: Mirror system between the synchrotron VUV storage ring and the IR microspectrometer. (Reprinted 
from 59) 
 

 Synchrotron light has three advantages over thermal sources.  The light is approximately 

100-1000 times brighter than a globar source, and because thermal noise is absent, a much higher 
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signal to noise ratio results.  Unlike light from a filament that spreads in all directions, the 

synchrotron beam is highly directional which allows it to pass through a small projected image 

plane mask without seriously restricting the amount of light used for microspectroscopy.   

Beamline U10B, Figure 1.11, is equipped with a Spectra Tech Continuµm® infrared 

microscope (Spectra Tech Instruments, Shelton, CT) having a matched pair of 32X, infinity 

corrected, Swartzchild objective and condenser, Figure 1.12.  A 50 µm diameter MCT detector 

and an adjustable single mask with a double pass optical path provides confocal operation.  

Although the confocal feature restricts some of the light, it leads to improved spatial resolution.  

The Continuµm™ microscope is optically interfaced to a Nicolet Magnum 860 Step-Scan 

interferometer (Thermo-Nicolet, Madison, WI) equipped with a KBr beamsplitter.    

 
 

Figure 1.11: Spectrometer and microscope set up at beamline U10B at NSLS. 

Spectra Tech 
Continuµm IR 
microscope 

Nicolet Magna 
860 step-scan 
interferometer 
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Figure 1.12: Diagram of matched 32X Swartzchild condenser and objective in the U10B instrument at NSLS with 
path of rays masked before and after microscope optics to operate confocally. (Reprinted from 61) 
 

Beamline U2B, Figure 1.13, differs from U10B in that it contains a Nicolet NicPlan™ 

infrared microscope with 32X Swartzchild objective and 10X condenser.  The NicPlan™ optical 

configuration differs from the Continuµm™ in that it has separate image plane masks before the  

objective and after the condenser, Figure 1.7.  Before the objective, a pinhole mask was used 

that projected a 5 µm spot onto the sample.  Below the stage, for these experiments, a larger 

circular mask was used that maintained the purge but did not restrict light directed to the 

detector.  Both instruments were equipped with a programmable motorized stage. 

 
Figure 1.13: Diagram of the spectrometer/microscope set up at beamline U2B at the NSLS.  Yellow arrows indicate 
the path of incoming synchrotron radiation from the VUV ring, through the beamline, and into the spectrometer. 
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 During a time when it was not possible to schedule synchrotron beamtime, and to make it 

practical to develop local capability, an alternate FT-IR microspectrometer was employed for 

samples from the crop year 2006 at the Kansas State University Microbeam Molecular 

Spectroscopy Laboratory, Manhattan, KS.  This same instrument was used for all protein film 

studies discussed later and for all endosperm microspectroscopy in 2007.  Perkin-Elmer® 

(Shelton, CT) Spectrum™ Spotlight™ IR microscope optically interfaced to a SpectrumOne™ 

spectrometer, Figure 1.14, constituted the imaging system.  The Spotlight™ infrared microscope 

was equipped with a liquid nitrogen cooled 16 element MCT array, a programmable motorized 

stage, and software to allow microprocessor controlled experimental setup and automated data 

acquisition.  Unlike the Continuµm™ or NicPLAN™ microspectrometers, this imaging focal 

plane array (FPA) instrument does not employ image plane masks: see Figure 1.15 showing the 

optical path.  There is no image plane mask before the specimen, but the individual detector 

element projected onto the stage produces a nominal pixel size of 6.25 x 6.25 µm with the optics 

used for the endosperm experiments.  For transmission experiments reported, 4000-800 cm-1 was 

used due to BaF2 window limitations. 

 
Figure 1.14: Diagram of the Spotlight and Spectrum One spectrometer and interferometer at the Kansas State 
University Microbeam Molecular Spectroscopy Laboratory. (Adapted from 62) 
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Figure 1.15: Diagram of the light path in a focal plane array instrument.  The FPA instrument has no image plane 
mask in contrast to Figures 1.7 & 1.12. (Reprinted from 63) 

Wheat Sample Preparation 

 Wheat samples consisting of both released varieties and experimental breeding lines were 

provided by Allan Fritz in the Agronomy Department at Kansas State University (Manhattan, 

KS).   Experimental varieties were identified according to the nursery in which they were grown.  

Random numbering was assigned.  Released varieties included Jagger, Jagalene, Overley and 

Santa Fe.  These were controls for both the nursery and our experiment.  Approximately 5-10 

kernels were soaked in deionized water for a maximum time of 12 hours at refrigeration 

temperature.  Individual kernels were frozen onto aluminum sample holders using OCT tissue  

freezing medium (Triangle Biomedical Sciences, Durham, NC), after which they were 

cryogenically sectioned into 4-6 µm thick slices.  Slices were thaw mounted onto 1 mm thick,  

13 mm diameter, BaF2 windows for microspectroscopic analysis.    Rectangular maps of wheat 

specimens typically 60-600 µm wide were mapped in transmission mode, resulting in 100-1000  

pixels.   Mapped areas were taken mostly from the subaleurone endosperm that is richer in 

protein and less crowded with light scattering starch granules, therefore resulting in a larger 

number of pixels from the interstitial region.  Spectra from pixels high in protein relative to 

starch can be extracted for secondary structure determination.  Figure 1.16 shows a brightfield 

photomicrograph of wheat endosperm obtained from Dr. Yong Cheng Shi, Kansas State 

University, Manhattan, KS.  This shows starch granules ranging from 5-30 µm.  The interstitial 

protein areas between starch granules were preferentially selected for further analysis.  Prior to  
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mapping a specimen, it was brought into focus on the infrared microscope stage to maximize the 

amount of light transmitted through the sample.  Within a spectral range of 4000-800 cm-1, a 

background, with coaddition of 256 using the synchrotron/Continuµm or 240 using the Spotlight, 

and a resolution of 8 cm-1, in both cases, was used.  Coaddition of 64 scans was used for the 

mapping procedure. 

 
 
Figure 1.16: a) Brightfield photomicrograph of wheat endosperm section showing numerous starch granules from 
30 µm to 5 µm in size.  The scattering of light by the many starch granules attenuates the microbeam and reduces 
S/N of the spectrum that compromises interpretation of the data.  Pixels from the interstitial protein were cherry 
picked for good baseline, low noise and a reasonable amide I band in comparison to the 1025 cm-1 starch band as 
described under experimental section.  b) SEM photomicrograph of wheat slice showing starch granules closely 
packed together. (courtesy of Y.C. Shi) 
 
 Ten sections from ten individual kernels from two pairs of wheat samples, each pair 

consisting of one specimen from the 2005 crop year and one from the 2006 crop year, were 

mapped according to previously mentioned procedure to evaluate repeatability and kernel to 

kernel variance. 

Pixel Selection 

 After mapping was complete, a false color image of the baseline corrected peak area ratio 

of protein, 1650 cm-1, to carbohydrate, 1025 cm-1, was produced using Omnic or Spotlight 

software.  The resulting image enabled identification of protein rich pixels.  A process referred to 

as “cherry picking”(16), consisted of examining the spectrum each individual pixel to select 
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those for secondary structure analysis (See Figures 1.17 & 1.18 showing photomicrograph data 

adopted from Mills et al. (58) to illustrate the difference in interstitial protein within the 

subaleurone and central endosperm, paired with spectra taken of the 2007 crop year wheat 

samples from the present study.).  Distorted or off scale bands, drastically sloping baseline or 

high amounts of noise resulting from light scattering were all causes for spectral rejection.   

Spectra with a high amide I band at 1650 cm-1 compared to starch at 1025 cm-1 were selected for 

further analysis.  To obtain quantitative information regarding the α-helix to β-sheet protein 

secondary structure, the spectra from 20-25 pixels of each mapping experiment were treated 

using a 3 step process consisting of definition, deconvolution, and peak fitting.    
Spectrum 4 at 9454, -679 (P3-17)

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1.0

 1.1

 1.2

 1.3

 1.4

A
b

so
rb

a
n

ce

 1000   1500   2000   2500   3000   3500   4000  

Wavenumbers (cm-1)

Spectrum 2 at 5518, 159 (AYN2-19)

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1.0

 1.1

 1.2

 1.3

 1.4

 1.5

 1.6

A
b

so
rb

a
n

ce

 1000   1500   2000   2500   3000   3500   4000  

Wavenumbers (cm-1)

Large granule, SA, and small 
granule, SB, in central endosperm.

Enlarged image showing 
protein to starch contrast.  

 
Figure 1.17: (Left) SEM photomicrographs reprinted from Mills et al (58) showing the central endosperm (Left, 
top) and the sub-aleurone endosperm (Left, bottom).  Notice that there is significantly more interstitial protein in the 
sub-aleurone endosperm region.  Specta (right) taken at the Kansas State University Microbeam Molecular 
Spectroscopy Laboratory showing pixels taken that are high in starch (Right, top) and high in protein (Right, 
bottom). 
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Spectrum 4 at 9454, -679 (P3-17)
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Figure 1.18: Photomicrographs of the sub-aleurone and central endosperm (left) (Reprinted from 58), paired with 
spectra showing high starch (right, bottom) and high protein (right, top). 
 

The use of an FPA instrument that is incapable of confocal operation sacrifices some 

spatial resolution achieved by the synchrotron, therefore, it was uncertain whether it was feasible 

to study interstitial protein.  Synchrotron maps provided an abundance of pixels high in protein, 

so smaller maps could be taken, but pixel selection of a small map using the FPA instrument was 

less fruitful.  The use of the Spotlight microspectrometer permitted the imaging of larger areas in 

the subaleurone region so more pixels were available for which to select spectra suitable for 

protein secondary structure determination.   

Data Treatment 

GRAMS “RAZOR” (ThermoGalactic, Salem NH) was used to achieve these three steps.  

First, the spectral range was reduced to 1570-1782 cm-1.  The peaks within the amide I were 

defined as having a Lorentzian shaped curve with a full width at half height of 20 and smoothed 

with 15 iterations.   Deconvolution was performed using 60 iterations, followed by an automatic 

baseline correction.  The Bayesian/maximum likelihood peak picker was used to identify 

individual peaks before a final peak fitting, which also used 60 iterations.  Typically, three peaks 
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consistently fit within the spectra range at approximately 1680, 1650, and 1635 cm-1.  Various 

studies have reported the identification of these peaks as β-turn/antiparallel β-sheet, α-helix, and 

β-sheet protein secondary structure, respectively (16, 24, 27, 37, 64, 65, 66).  A peak around 

1670-1695 cm-1 has also been attributed to the antiparallel β-sheet structure.  However, in this 

region, the β-turn and other unordered structures appear and oftentimes overlap or combine with 

the non-prominent β-sheet structure (37).  For this reason, the β-sheet peak at 1635 cm-1 was 

used for comparison of secondary structure. 

The area under the model of individual peaks generated at approximately 1650 and 1635 

cm-1 was calculated and ratioed from the GRAMS “RAZOR” software.  This generated a report 

that provided the approximate ratio of α-helix to β-sheet in a particular spectrum.    Each 

individual spectrum selected from each specimen section was treated identically.  

Results and Discussion 

 Heterogeneity of protein secondary structure exists within each map of wheat endosperm.  

The purpose of this experiment was not to determine exact values of endosperm hardness, but 

rather to rank wheat in terms of approximate endosperm hardness values.  This is similar to an 

octane scale in that, when developed, the best fuel for an automotive engine was arbitrarily given 

a high value, and those that were less effective were given a lower value.  In the same respect, 

this has been shown through analysis of a single kernel.  The wheat showing the highest ratios 

are intended for use within frozen dough applications where the flour needs to be from hard 

endosperm, while those of middle or lower hardness rankings could be used in commercial bread 

products. 

Preliminary work performed using synchrotron infrared microspectroscopy to analyze 

protein secondary structure in released varieties of hard and soft wheats has been reported by 

Wetzel et al. (16).  Results showed that the ratios of α-helix to β-sheet within soft wheat varieties 

ranged from 0.96 to 1.07, confirmed by others through secondary structure analysis of 

puroindolines-a and –b found in the protein matrix of soft wheat endosperm (67).  Analysis of 

hard wheat samples of released varieties grown side by side at the same test plot (16) produced 

values of a higher range: 1.57 to 2.10.   This was in agreement with the results reported by Piot et 

al (13).  The present study applied the same testing with elimination of environmental factors 

within a given year. 
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Cultivars surveyed included current breeding lines in addition to released varieties used as a 

control.  Samples within this study are from hard winter wheat class breeding lines coming from 

different nurseries operated by the Kansas Agriculture Experiment Station from six successive 

crop years.  Released varieties, Jagger, Jagalene and Overley, were measured over four 

successive years, while Santa Fe for only three.  Figure 1.19 shows the two typical spectrums of 

hard and soft wheat.  The top (1.19a) shows an α-helix to β-sheet ratio, close to 1, characteristic 

of soft wheat, while the bottom (1.19b) shows a higher ratio, characteristic of hard wheat 

varieties.  On the other hand, Figure 1.20 shows a comparison of modeled spectra taken from a 

very high ranked, hard wheat cultivar (1.20a) and a low ranked, semi hard wheat cultivar 

(1.20b).  The absorption spectrum in Figure 1.20a was taken from a wheat cultivar that resulted 

in an α:β ratio of 1.86, while the ratio from the wheat cultivar spectrum in Figure 1.20b was 

1.36.   The second derivative, although not the ultimate determinate of protein secondary 

structure identification, can be overlaid upon spectra to locate the peak positions at 

approximately 1656 cm-1 for α-helix and 1636 cm-1 for β-sheet. 

 
 
Figure 1.19: Figures a and b show differences in absorption spectra (solid line) second derivatives (dotted line) of 
the 1750-1550 cm-1 amide I region that result from the presence of different amounts of α-helix and other folded 
protein secondary structures, including β-sheet.  Note the relative intensity of second derivative peaks at 1658 and 
1630 cm-1. 
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Figure 1.20: Figures a and b show differences in modeled spectra of the amide I region resulting from a wheat 
cultivar with an α:β ratio of 1.86 and 1.36 characteristic of a very hard cultivar and a semi hard cultivar, 
respectively. 
 

In this study, the results are reported on 143 different experimental wheat varieties 

involving thousands of spectra.  In each case, spectra from 20-25 pixels were selected from a 

100-1000 pixel mapping procedure.  For a given year close to 625 spectra were extracted and 

modeled individually to obtain α-helix to β-sheet ratios.  Selection of spatially resolved pixels 

dominated by protein provided a basis for resolution enhancement.  Modeling of α-helix and β-

sheet absorption bands that contribute to the amide I band at approximately 1650 cm-1 was done 

for at least 1,500 spectra. 

Ratios of α-helix to β-sheet for the 2002 through 2007 crop year are presented in Table 1.1. 

(Note that synchrotron data was used exclusively for all spectra prior to the 2006 crop year for 

which globar FT-IR FPA spectra were recorded as described under experimental.)  The ranges 

and median values for the ratios of experimental lines are summarized in Table 1.2.  The low 

amount of experimental wheat analyzed in 2007 was a result of losses due to late spring freeze 

and heavy rain during harvest in Kansas for the 2007 crop year.  Therefore, the conditions also 

made the results less reliable.  
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Table 1.1: Alpha:Βeta Ratios of Experimental Lines Over Six Years  
 

Crop Year 
2002 2003 2004 2005 2006 2007† 

      2.5 1.81   
  1.92   1.93 1.77   
  1.89   1.89 1.76   
  1.75 1.8 1.87 1.75   
  1.66 1.78 1.61 1.72   

1.72 1.6 1.77 1.59 1.67   
1.62 1.53 1.76 1.55 1.67 1.65 
1.6 1.51 1.7 1.54 1.67 1.62 
1.6 1.5 1.7 1.54 1.66 1.62 

1.53 1.5 1.66 1.51 1.66 1.6 
1.48 1.48 1.65 1.49 1.62 (1.54)* 
1.47 1.47 1.65 1.48 1.62 1.38 
1.46 (1.46)* 1.65 (1.47)* 1.59 1.36 
1.45 1.45 1.62 1.46 1.55 1.34 
1.45 1.45 1.61 1.43 (1.54)* 1.28 
1.45 1.4 1.6 1.41 1.5   
1.45 1.4 (1.57)* 1.39 1.5   
1.41 1.36 1.57 1.38 1.48   

(1.39)* 1.32 1.54 1.37 1.48   
1.38 1.28 1.53 1.36 1.47   
1.37 1.27 1.53 1.33 1.46   
1.37 1.24 1.51 1.31 1.45   
1.35 1.24 1.5 1.31 1.39   
1.32 1.2 1.47 1.31 1.39   
1.32   1.47 1.3 1.38   
1.3   1.44 1.2 1.38   

1.27   1.38   1.36   
1.27   1.37   1.31   
1.24   1.35   1.3   
1.23   1.32   1.26   
1.23   1.11       
1.15           

† indicates values are less reliable due to field problems. 
 
Table 1.2: Ranges from Successive Crop Years 
 

Crop Year High Low Median n 

2002 1.72 1.15 1.39 27 

2003 1.92 1.20 1.46 23 

2004 1.80 1.11 1.57 28 

2005 2.50 1.20 1.47 26 

2006 1.81 1.26 1.52 30 

2007† 1.65 1.28 1.54 9 
† indicates values are less reliable due to field problems. 
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All hard winter wheat lines tested were grown in Kansas Agriculture Experimental 

Station breeding program nurseries.  It is interesting to note that although within a given year 

there was significant variation within experimental breeding lines coming from the same location 

where environmental factors were constant within that location.  The idea behind this molecular 

testing method is to provide within hard wheat experimental lines a ranking of relative 

endosperm hardness.  From year to year, with variations in environmental factors, it would not 

be expected that a given wheat would result in the exact same numerical value.  Environmental 

factors play an important role in hardness measurement results (68, 69, 70).  A similar ranking 

for wheat varieties from year to year would, however, suggest the effects of genetic influence on 

expressed hardness.  

The variation of approximately 0.75 units between the approximate α-helix to β-sheet 

ratio of soft wheat (1.00) and the average ratio of hard wheat (1.75), based on the previously 

reported values of Wetzel et al. (16), within a year could be the result of the presence of 

puroindoline within soft wheat.  Although the presence of puroindoline proteins is characteristic 

of soft wheat, it has been shown that several genetic mutations result in the expression of  

endosperm hardness (7, 8).  If puro-a and –b are present, however, they are in much lower 

concentration than in soft wheat.  A mixture of puroindolines, having a 1:1 α-helix to β-sheet 

ratio (67), with protein in hard wheat of higher ratios would result in an overall lower average.  

This could partially explain the range within a set of hard winter wheat within a given year of the 

present study.  This is purely speculation by the author and further analysis would need to be 

done in order to test this hypothesis. 

Figure 1.21 shows the results from the single 2002 crop year in bar graph form (solid α-

helix, open β-sheet).  Higher integrated areas of α-helix and β-sheet curves merely reflect the 

sample thickness, whereas the relative population reflects the molecular measurement of 

endosperm hardness (13, 14, 15).  The wide range of resultant hardness values allows the breeder 

to select experimental cultivars, compare the new lines to released varieties, and make judgments 

regarding the end use of a particular wheat cultivar.  Six breeding lines were compared over two 

successive crop years, shown in Table 1.3.  Well-known released hard wheat varieties tested 

over three to four successive years serving as controls for experimental lines are compared in 

Table 1.4. 
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Figure 1.21: The bar graph is in descending order by α-helix to β-sheet ratio from left to right representing hard 
winter wheat specimens from the same nursery in a single crop year.  Differences in peak area result in slight sample 
thickness variability. 
 
Table 1.3: Ratios and Ranks for Two Successive Years 
 

Wheat 
Cultivars Relative α 

 
Rank 

Agreement 
Ratios 

(‘05, ‘06) 
Rank 

(‘05, ‘06) 

A Highest Different 2.50, 1.66 1,4 

B 2nd highest Close 1.69, 1.75 2,1 

C 3rd highest Close 1.55, 1.72 3,2 

D Mid Similar 1.39, 1.67 4,3 

E Low Similar 1.20, 1.62 6,5 
F Low Similar 1.38, 1.30 5,6 

                                        Among the seven reported only A shows lack of consistency in reference to either rank or  
  numerical value. 

 

Table 1.4: Results for Known Wheat Cultivars Over Four Years 
 

Cultivar 2004 2005 2006 2007† 

Jagger 1.32 1.49 1.48 1.6 

Jagalene 1.44 1.54 1.67 1.38 

Overley 1.78 1.89 1.31 1.34 

Santa Fe   1.48 1.45 1.62 
   † indicates values are less reliable due to field problems. 

 
Note that good agreement was found in three successive years for Jagger and Jagalene.  

Santa Fe and Overley were in agreement for two successive years.  Results for Overley differ in 

the third year.  Controls (Table 1.3) grown provide a yearly basis of comparison for the  
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experimental lines reported in Table 1.2.   Wheat variety A was higher or equal to control 

varieties Jagger, Jagalene, Overley and Santa Fe for two successive crop years, while variety F 

was consistently lower than all four.  Wheat varieties B and C were consistently higher than 

control varieties Jagger, Jagalene and Santa Fe.  For two successive crop years varieties D and E 

were both lower than or equal to Jagalene. (Data from the 2007 crop year, although listed, was 

not considered in this evaluation based on the unreliable results.) 

 From the experimental breeding lines that were repeated over two successive years, ten 

kernels were randomly selected from those considered to be high in α-helix, Variety A, and the  

low, Variety F, for further sectioning and data collection.  The results from Table 1.5 show that 

for both crop years Variety A is still, in fact, ranked higher than Variety F.  There is a rather 

large standard deviation within the four varieties, the largest being that of the higher ranked 

wheat variety pair.  Piot et al. (14) minimized this variation in his experiments by selecting 

kernels from the same location on the head of the wheat plant.  He concluded that there was 5%  

variation in wheat kernels chosen from the same location on the head.  Considering that 5% 

variation is the case, then even higher variation throughout the head should be expected.  For 

future applications, careful selection of the wheat kernel location within the head is expected to 

reduce variability in the results.   

Table 1.5: Kernel to Kernel Variation from Two Experimental Varieties over Two  
Successive Years 
 

 Cultivar A Cultivar B 
Kernel 
Number 

2005      
Crop Year 

2006  
Crop Year 

2005       
Crop Year 

2006      
Crop Year 

1 2.50 1.66 1.38 1.30 
2 1.37 1.79 1.39 1.68 
3 1.42 1.67 1.70 1.61 
4 1.34 1.44 1.40 1.52 
5 1.42 1.11 1.40 1.18 
6 1.66 1.28 1.26 1.47 
7 1.54 1.78 1.34 1.32 
8 1.34 1.49 1.53 1.55 
9 1.58 1.50 1.41 1.46 

10 1.48 1.44 1.46 1.27 
Average 1.57 1.52 1.43 1.44 
St. Dev 0.35 0.22 0.12 0.16 

 
 The molecular testing of known and experimental wheat breeding lines has been shown 

to rank samples in terms of endosperm hardness for both specific end use and as a basis for 
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breeding selection.  Although, for decades, wheat kernel hardness was the only basis of testing in 

commerce.  Kernel hardness, characterized by physical testing, is the manifestation of 

endosperm hardness that makes possible those somewhat rudimentary physical tests.  By  

elimination of environmental differences through analysis of wheat cultivars from the same 

nursery within a given year, the genetic variation among varieties can be studied. 
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Chapter 2- Revelation of Secondary Structural Changes in Protein 

Films with Thermal Processing: Novel FT-IR imaging of protein 

film secondary structure by reflection absorption before and after 

heat treatment. 

Literature Review 

Thermal denaturation of proteins has been a subject of interest for decades.  Thermal 

processing treatments such as extrusion, canning, pasteurization, and baking all benefit from 

analytical tools used to assess changes within the molecular composition of the product.  Past 

studies have been limited to the heating and analysis of protein in solution, or through the 

analysis of films via attenuated total reflectance (ATR) infrared spectroscopy.  This study aims 

to study the changes resulting from thermal denaturation of protein through FT-IR 

microspectroscopic imaging of the same films before and after treatment. 

FT-IR Thermal Protein Denaturation Studies 

Infrared spectroscopy of heat treated globular proteins dates back to the 1950’s through 

the analysis insulin, chymotrysinogen, and glyoxalase (71).  Using FT-IR to study the changes 

upon thermal processing of globular proteins was first used by Clark et al. (72) to study the 

changes in bovine serum albumin, lysozyme, insulin, ribonuclease, and alphachymotrypsin in 

solution.  Boye et al. (73) studied whey protein concentrate in solution.  Payne and Veis (74) 

compared the location and width of the bands within deconvolved spectra of collagen and gelatin 

upon heating.  Heating of pig citrate synthase (37) showed that the content of β-sheet increased 

upon heating while the amount of α-helix decreased.  β-lactoglobulin, upon heating, aggregates 

and thus exhibits peaks within the amide I band near 1617 and 1682 cm-1 (75, 76).  This is 

common to all thermal studies (37, 72, 74, 77) with heating there is an increase of intermolecular 

antiparallel β-sheet that appears in the 1670-1680 cm-1 region and/or the 1620 cm-1 region.  

Figure 2.1 shows the results of thermal denaturation of myoglobin (77).  One can clearly see that 

there is a peak that appears around 1620 cm-1 upon heating. 
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Figure 2.1: Spectra of the amide I region of myoglobin in solution heated to increasing temperatures (Reprinted 
from 77).  Notice the gradual appearance of a peak at approximately 1620 cm-1. 
 

Recent studies using ATR FT-IR examined the effects of hydration and temperature on 

wheat gluten.  No changes in secondary structure were seen in the control, dry sample that was 

heated.  It was interesting to note that no changes in secondary structure upon heating were seen 

below 45 ˚C. The glass transition temperature is approximately 45 ˚C.  At medium hydration, 

13% the change in secondary structure was reversible upon cooling, but not as much with 47% 

moisture content (65). Recently reported near-infrared studies on gluten powder confirmed that 

upon denaturation the amount of α-helix decreased and was converted to β-sheet (39).  Spray-

drying, pasteurization (78), and extrusion (79) effects on soy protein showed that the amount of 

alpha-helix was depleted while that of β-sheet and random coil increased as a result of high 

temperature treatment. 

Thermal Denaturation of Films 

 Changes in protein secondary structure during film formation have been recognized (80), 

but the exact changes across the entire film have yet to be fully understood.  ATR FT-IR 

spectroscopy is commonly used for the analysis of films (24).  ATR requires direct optical 

contact of the sample with an IR transparent crystal that has a high index of refraction, therefore 

sample thickness is not an issue.  There is a critical angle beyond which all of the light is 

reflected which makes ATR analysis possible.  ATR is disadvantageous due to its inability to 

image a sample and it is unclear whether there is interaction with the crystal (24).  The use of a 

diamond ATR crystal, however, removes the possibility of crystal-sample interaction.  It was 
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confirmed in 1992 using ATR FT-IR that the spectra on thin films differed from those of protein 

in solution.  Furthermore, hydrated films differed from completely dry films (80).   

Although it was not called “ATR” at the time, one of the first uses of ATR was the study 

of zein films (81).  Zein films were deposited on silver chloride plates and ATR analysis were 

performed with a sodium chloride prism.   Goormaghtigh et al. (82) also studied films using 

ATR FT-IR.  Various proteins were analyzed and secondary structure, computed by 

deconvolution and curve fitting, showed a mere 8% standard deviation from X-ray diffraction 

data results.  The effects of film formation on glycinin revealed that during the film drying 

process, β-sheet aggregates form.  The authors hypothesized that the beta-sheet aggregates act as 

nuclei, forming the base of the film (83).  Mangevel et al. (66) studied the structure changes of 

wheat gliadins upon film formation.  It was shown that upon drying at low temperatures, β-sheet 

aggregates form, with the amount increasing (8- 25%) with increased drying temperature (25-

90 ˚C).   

Effects of Thermal Treatment on Protein Structure 

Due to the flexibility of the polypeptide chain and due to amphipathic properties, proteins 

are able to change conformation and stabilize films through air-water and air-surface interactions 

(19).  Evaporation of water leads to breaking and reforming of hydrogen bonds causing a change 

in secondary structure.  To use the least amount of energy, the hydrogen bonds quickly unite at 

the shortest distance possible.  Therefore the appearance of a peak at a lower frequency (about 

1620 cm-1) and, in some cases a side lobe at higher frequencies (approximately 1685 cm-1) is a 

common sign of aggregation (24, 66, 72, 77).  Jackson and Mantch (24) also state that a peak 

forming greater than 1670 cm-1 or greater is due to the case of electron density being weighted 

toward the carboxyl portion of the peptide bond thus preventing it from hydrogen bonding.  This 

creates a peak shown at this higher frequency. 

This study introduces a novel approach to microspectroscopically document protein 

structural changes induced by thermal treatment.  Through the casting of films onto a highly 

polished stainless steel surface, reflection absorption microspectroscopy enables analysis of the 

exact same film location before and after heating.  Myoglobin was chosen as a model for method 

development based on earlier work done in solution (77) due to its relative secondary structural 

homogeneity and natively high α-helix content.  The molecular model was applied to gelatin, 
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another animal source, while wheat gluten was used to represent a plant source.  This study has 

been restricted to the soluble portion of each sample to avoid dealing with more complex 

insoluble organic materials. 

Experimental 

Model Protein Selection 

 To follow the conversion of α-helix to other secondary structures a material high in α-

helix secondary structure and relatively homogeneous was sought.  Preliminary experiments 

were attempted with large 1-2 cm diameter protein films deposited from a glass dropper on 

infrared reflecting glass.   Soy protein isolate, soy protein concentrate, whey protein isolate, 

edible gelatin, gelatin capsules, oat protein, wheat gluten, corn gluten, myoglobin, tofu and 

extracted soy and oat protein were some of the materials tested for feasibility.  The inability to 

randomly select spectra with consistent results on the infrared reflecting glass led to speculation 

that the tin oxide layer of the glass caused a surface effect with the protein.  To avoid surface 

attraction films were then cast on Teflon to be peeled off allowing spectra to be recorded in a 

transmission mode.  Transmission was limited to the outside of most films.  The ability to peel 

films off of the Teflon surface that were thin enough to let infrared light through was nearly 

impossible.  Smaller protein films reduced solvent evaporation time and allowed mapping of the 

entire film. Polished stainless steel provided an uncharged infrared reflecting substrate for 

reflection absorption imaging. 

 After several preliminary investigations, myoglobin was chosen for method development 

as a model suitable for the study of protein secondary structure changes after thermal processing.  

Myoglobin had been identified in the past as existing a primarily an α-helical protein (36, 37, 77, 

84).   

Instrumentation 

 All films were imaged using the  Perkin-Elmer® (Shelton, CT) Spectrum™ Spotlight™ 

IR microscope optically interfaced to a SpectrumOne™ spectrometer, Figure 1.14, at the Kansas 

State University Microbeam Molecular Spectroscopy Laboratory in Manhattan, KS.  Refer to 

chapter 1 regarding detailed information on optical setup.    
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Protein Film Sample Preparation 

 Myoglobin was the raw material chosen to demonstrate protein secondary structure 

changes during thermal processing.  Horse skeletal muscle myoglobin was obtained from Sigma 

Aldrich (St. Louis, MO) claiming 95-100% purity.  As described previously (85), myoglobin was 

dissolved, 5% w/w, in 0.01M phosphate buffer.  Phosphate buffer was prepared by mixing 

0.01M K2HPO4 and 0.01M KH2PO4 in approximately a 0.99:1.00 ratio until the pH measured 

6.8.  Dissolved myoglobin was filtered with a Millipore® 0.5 µm filter fit into a Sweeney 

adaptor connected to a 2 mL ground glass syringe.  Using a 3/10 mL syringe with a 31 gage 

syringe, two drops of myoglobin were deposited onto polished stainless steel plates and allowed 

to dry at room temperature.  This procedure produced a 500 to 1500 µm diameter film with 

suitable thickness to allow reflection absorption.  Samples were stored in a humidor from 30 min 

to overnight before infrared analysis. 

Materials chosen for applying the technique developed to an animal and plant source 

were gelatin and wheat gluten (WG), respectively.  Gelatin was produced in capsule form by Eli 

Lilly and Co. (Indianapolis, IN).  The gelatin capsule, 0.07 g, was stirred continuously until 

complete dissolution in 10 mL deionized water at pH 7.0.  Gelatin was filtered in the same way 

as myoglobin only with the use of Whatman #1 filter paper.  Four drops of filtered gelatin were 

deposited onto the stainless steel plates for imaging. 

WG, approximately 80% protein, was obtained from MGP Ingredients, Inc. (Atchison, 

KS).  For three films, one gram of WG was mixed into 10 mL of deionized water, pH 7.0.  The 

mixture was shaken for 2 min, centrifuged using an IEC CU-5000 centrifuge (Needham Hts, 

MA) at 2500 rpm for 10 min and the supernatant was recovered.    

Alternate solute was utilized for additional WG films.  For one pair of films, pretreatment 

involved grinding the WG with a mortar and pestle before adding deionized water and, 

alternatively, another pair of films was produced by shaking the non-ground WG for a total of 30 

min before centrifugation to see if additional solubility resulted.  Filtering was performed with 

the same apparatus used for myoglobin, and three drops were deposited onto the stainless steel 

plate. 
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Imaging 

Films were imaged using the Spectrum Spotlight, described in chapter 1.  After a 

background spectrum was collected from the polished plate, reflection absorption measurements 

of the entire film over 4000-800 cm-1 were imaged with 240 and 64 scans, respectively, with a 

25 µm image plane mask.   Film ranged from 500 to 1500 µm in diameter resulting in up to 4000 

spectra.  Twenty spectra near the center of each of seven films were evaluated before and after 

heating for each of three different protein sources for repeatability purposes and to produce a 

good data base. 

Film Heating 

 Thermal processing was done in the presence of water vapor to maintain hydration to 

allow changes in protein secondary structure to proceed during heating.  After completion of 

initial imaging, the films, mounted on their respective stainless steel plates, were placed in a 

glass Petri dish (9 cm diameter) containing a watch glass (6 cm diameter) to keep the plate above 

the water level.  Approximately 10 mL of water was poured into the bottom of the dish.  A large 

watch glass (15 cm diameter) was fit over the Petri dish containing the plate and the entire 

apparatus was heated for 30 min at 100 ˚C.  Figure 2.2 shows a diagram of the setup used for 

heating.  After heating the plate was removed and allowed to cool and dry at room temperature 

for a minimum of 30 min before imaging of the same film using parameters previously 

described.  Figure 2.3 shows the visible image of a myoglobin, WG and gelatin films before and 

after heating.  In all cases the entire film was imaged. 

Stainless steel plate
Large watch glass

Glass 
Petri 
dish

Small watch glass

 
Figure 2.2: Diagram of the apparatus used for heating protein films on a stainless steel plate. 
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Before Heating After Heating

Myoglobin

Wheat Gluten

Gelatin

 
 

Figure 2.3: Microscopic images produced using the Spotlight microspectrometer.  Films of the model, myoglobin, 
and applications, wheat gluten and gelatin, are shown before and after heating. 

Pixel Selection 

 False color images of the baseline corrected peak area ratio of protein, from the 1736 to 

1500 cm-1 region, were produced using Spotlight software to highlight the central area of 

relatively homogeneous spectra.  Areas high in protein absorbance, typically along the outer ring 

of the films, were assigned a red color, indicative of aggregation.  Twenty spectra from the 

center most area of each of seven films were selected for study.  Pixels were rejected if their  

spectrum baseline was slanted or showed a high amount of interference due to a gap between the 

film and the stainless steel mirror surface.  The center of a few of the films bubbled up after 

heating, which was apparent from their spectra and through visual inspection.  When this was the 

case, spectra were extracted from the perimeter of the bubbled area, but within the center of the 

film.  Using Omnic 7.3 software 20 spectra per film were averaged and the peak maxima 

location of all 20 spectra and averages were recorded.  

Data Treatment 

Second derivative, deconvolution and peak fitting were performed on each averaged 

spectrum using GRAMS AI, 7.02 (Thermo Galactic, Thermo Scientific, Waltham, MA).  The 

spectral range was reduced to 1782-1570 cm-1.   The second derivative using the 2nd order and 
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seven smoothing points identified the position of individual peaks.  Each spectrum was 

deconvolved between 1782 and 1570 cm-1 using a gamma factor of 7.5, value based on 

experience from previous studies (86).  A mixed Gaussian and Lorentzian function was used to 

model peaks within the deconvolved spectra using low sensitivity, an offset baseline function, 

and a full width at half height (FWHH) of 13 (64, 86).  Peaks were fit using 50 iterations.  Areas 

under the model corresponding to α-helix, 1650-1660 cm-1,  were ratioed to areas of the β-sheet 

model, 1630- 1640 cm-1,  β-turn/intermolecular antiparallel β-sheet, 1670-1685 cm-1, and all 

peaks other than α-helix summed together.   

Results and Discussion 

Myoglobin 

It is evident from the film image results that it is possible to study the effects of thermal 

processing on the exact same film deposited on an uncharged reflective substrate.  It is widely 

know that myoglobin exists primarily in an α-helical secondary conformation (36, 37, 77, 84).  In 

fact, X-ray crystallographic data confirms that myoglobin consists of over 80% α-helix (87).  For 

this reason, the relatively homogenous myoglobin was chosen as a model system to study the 

effects of thermal processing on protein secondary structure. Twenty spectra from one 

myoglobin film, in common scale, are overlayed in Figure 2.4 to show the homogeneity of 

myoglobin before heating.   Figure 2.5 shows false color images of the 4th myoglobin film 

before and after heating.  Notice that there is a red ring around the outside perimeter of the film.  

This area is characterized by thicker film deposition where a shift of the amide I band is 

observed.  The spectra within the center of the film, the dark blue region, have approximately at  

same amide I peak location.  A typical spectrum from the outer red ring is overlaid upon a 

typical spectrum from the inner blue region in Figure 2.6.  As the film dries there is a constant 

breaking and reforming of hydrogen bonds between neighboring protein molecules, air, and 

surrounding water.  Since the outside ring is the first to dry, the protein apparently accumulates 

and self assembles, possibly as intermolecular antiparallel β-sheet or β-turn consistent with the 

higher frequency band.  To simplify the study, the spectra from the homogenous center of the 

film without regard to the apparent build up at the edge of the film during solvent evaporation. 
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Figure 2.4: The amide I, II region of twenty spectra and the average (red) of a single myoglobin film, before 
heating, in common view.  The spectra in the amide I region appear and the exact same peak maxima, indicating 
high homogeneity of myoglobin before heating. 
 

 
 
Figure 2.5: False color images of a single myoglobin film before heating (top) and after heating (bottom).  Colors 
depict high protein absorption. (amide I and II region) 
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Figure 2.6: A typical spectrum of the amide I, II region representing the center of an unheated myoglobin film 
(blue).  A typical spectrum resulting from self assembly at the outer edge of the film (red).  Spectra from the outer 
edge were not included in the scope of this study.  
 

Twenty spectra from each of seven different films of myoglobin before heating were 

compiled into the histogram shown in Figure 2.7.  It is easy to recognize that the distribution is 

very tight, most of the spectra showing peak maxima at 1652 and 1648 cm-1.  The peak height 

location does correlate well with previous studies (36, 37, 77, 84).  Upon heating the amide I 

band reveals a peak maxima shifted to either a higher or lower wavenumber with a distinct 

visible shoulder.  Figure 2.8 shows the averages from 20-21 spectra of seven unheated films and 

seven heated films.  Histograms of the amide I locations of main peaks, Figure 2.9, and shoulder 

peaks, Figure 2.10, after heating show a wide distribution compared to that of the unheated 

spectra.  Notice in Figure 2.10 that the majority of the spectra have shifted to lower 

wavenumbers, approximately 1625-1630 cm-1, while a substantial portion has also shifted to  

wavenumbers above 1655 cm-1.  During the heating process, proteins unfold.  Upon cooling the 

hydrogen bonds quickly reunite to maintain the most stable conformation in the shortest amount 

of time.  In order for this to occur, β-sheet aggregates are favored over alpha-helical secondary 

structures.  Previous studies of myoglobin in solution (77, 84) have shown that upon heating, the 

peak location shifts to approximately 1620 cm-1 with additional side lobes at 1685 cm-1.  This 

implies the formation of intermolecular β-sheet aggregates.  The present study is in agreement 

with these findings.  In addition, the formation of intermolecular antiparallel β-sheet at around 

1670-1680 cm-1 (37, 72, 74) have been reported in other proteins.   
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Unheated Amide I Peak Location Distribution of Myoglobin Films
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Figure 2.7: Accumulation of the amide I peak maxima values for all 140 spectra from seven, unheated myoglobin 
films such as those in Figure 24. 
 

 
 
Figure 2.8: Amide region from 14 average spectra each from 20-21 individual spectra selected from seven different 
myoglobin films: seven unheated (bottom spectra) and seven heated (top spectra). 
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Distribution of Main Amide I Peak Location in 
Myoglobin Films After Heating
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Figure 2.9: Accumulation of the amide I peak maxima of 140 spectra taken from seven myoglobin films heated to 
100 ˚C for 30 min. 
 

Distribution of Shoulder Location of Myoglobin Films After Heating
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Figure 2.10: Amide I peak location of the shoulder found on spectra from heated myoglobin films, taken from 140 
spectra in seven films. 
 

It is interesting to see that the shoulder location distribution has shifted almost completely 

to lower wavenumbers, while approximately 12% of the shoulders stayed at the same location as 

Distribution of Shoulder Location of Myoglobin Films after Heating 
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the original, unheated protein (Figure 2.10).  This indicates that there is not a uniform 

conversion from one secondary form to another, and when the main peak was shifted to a higher 

wavenumber, a slight amount either stayed in the same spot or shifted to a lower wavenumber 

indicating a possible split between α-helix and β-turn and/or intermolecular antiparallel β-sheet 

aggregates.   

Deconvolution results were consistent among all myoglobin films, Figures 2.11 & 2.12.  

Deconvolution and curve fitting of the average spectra taken from a single film is shown in 

Figure 2.13 (a. shows results of film before heating while b. shows results post heating).  It is 

obvious that in the non-heated spectrum is dominated by the α-helix secondary structure at 

approximately 1653 cm-1, while that of the β-sheet structure, 1630 cm-1, and random coil/turns, 

1677 cm-1, are less prominent.  After heating, however, the α-helix does not completely diminish, 

but the area ratio of α-helix to β-sheet decreases from approximately 3.00 to 1.75, indicative of 

significant β-sheet formation.  At higher frequencies, after heating the random coil/turn peak at 

1677 cm-1 was replaced with the  1686 cm-1 curve more prominent that the residual α-helix.  The 

shift in the higher wavenumber, 1686 cm-1, is likely indicative that intermolecular antiparallel β-

sheet structure is formed upon heating.  The average results plotted in Figures 2.11 & 2.12 show 

that results are consistent with every myoglobin film.  Heating decreases the ratio of α-helix to β-

sheet secondary structure in parallel to that of all other protein secondary structures. 

 
 
Figure 2.11: The amide I region of each of seven myoglobin film averages was deconvolved and modeled.  Ratios 
of the areas of α-helix and β-sheet curves fit within this model are plotted above to show the difference in ratio 
between heated and unheated spectra. 
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Figure 2.12: The amide I band of seven myoglobin peak averages was deconvolved and modeled.  The ratios of the 
peak areas of the α-helix to all other curves fit within this model are plotted above to show that when the films are 
heated the amount of α-helix decreases. 

 
a.

b.

 
 
Figure 2.13: Spectra of protein secondary structure components contributing to the amide I band are modeled from 
average spectra of myoglobin films before heating (a) and after heating (b).  The dark blue lines are deconvolved 
spectra.  The red spectra are mathematical composites of the modeled components.  Blue and green models were fit 
into the deconvolved spectra representing different secondary structures.  Notice how the single component model 
located at approximately 1655 cm-1 representing α-helix is the most prominent in the unheated spectrum (a), but 
diminishes compared to other secondary structure curves that appear after heating (b).
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To summarize the effects of the model protein studied, the location of 140 amide I peaks 

have been plotted for unheated protein films, heated protein films, and heated protein films’ 

shoulder locations, Figure 2.14.  The very slight deviation in the location of the peak maxima  

before heating indicates the homogeneity of the films.  After heating the new peak maxima 

consistently shifts away from the depleted original peak to a higher or lower wavenumber, in 

approximately equal number.  The shoulders stay in the original peak location or shift only 

slightly.  Deconvolution of the amide I region from averaged spectra show that the area of α-

helix decreases at the expense of β-sheet and other protein secondary structures upon heating.  

 
 
Figure 2.14: Frequency of the amide I peak maxima of the average spectra taken from seven myoglobin films 
before (black diamonds) and after (grey squares) heating plotted with the peak location of the shoulder (open 
triangles) found in spectra after heating.  Before heating the black diamonds are in a relatively strait line along 1650 
cm-1 representing homogeneity.   

Application of the Proposed Method 

Gelatin: After demonstrating feasibility with the model protein myoglobin to study the 

effects of thermal processing on protein secondary structure of the same film before and after 

heating, the method developed was applied to another protein from an animal source, gelatin.  

The amide I band of gelatin before heating, Figure 2.15a, showed a similar pattern as seen in 

myoglobin, the distribution is fairly tight.  There are, however, only a few peaks that appear at 

higher wavenumbers, while the majority fall around 1636 cm-1.  Twenty spectra and 

corresponding spectral average from a single gelatin film are overlaid in Figure 2.16.  Notice 

that there is little variation in the peak maxima location of approximately 1635 cm-1 for the 

twenty spectra and average, representing high homogeneity before heating. 

Myoglobin Films' Average Peak Maximas

0

2

4

6

8

16201630164016501660

Wavenumbers (cm-1)

F
il

m
 N

u
m

b
er

Before heat

Heat, main peak

Heat, shoulder

Myoglobin Films’ Average Peak Maxima 
 



   

45 

Gelatin Film Distribution of Amide I Band Before Heating 
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Distribution of Amide I Location After Heating of Gelatin Films

0

5

10

15

20

25

30

35

40

45

16
75

16
73

16
71

1
66

9

16
67

1
66

5

16
63

16
61

16
5

9

1
65

7

16
55

1
65

3

16
5

1

1
64

9

16
4

7

1
64

5

16
4

3

1
64

1

16
3

9

1
63

7

16
3

5

1
63

3

16
3

1

16
29

16
2

7

1
62

5

16
2

3

16
21

16
1

9

16
17

16
1

5

Wavenumber

S
p

ec
tr

a 7

6
5

4

3
2

1

 
Figure 2.15: The amide I peak maxima plotted from 140 spectra from seven gelatin films before heating (top) and 
after heating (bottom). 
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Figure 2.16: The amide region of twenty spectra and average (red) from a single gelatin film before heating in 
common view.  The location of the peak maxima is approximately the same for all spectra.  
  

The commercial manufacturing of gelatin involves an extended harsh acid or alkaline 

treatment of collagen followed by extraction between 55 and 100 ˚C and isolation of desired 

form.  Highest quality gelatins are the first extracted at lower temperatures.  With each 

successive extraction the quality of gelatin decreases and the extraction temperature increases 

(88).   Collagen exists in a triple helix conformation.  Upon heating, gelatin takes on a random 

coil conformation, but while cooling attempts to rewind into the native triple helix form.  Since 

gelatin has already been submitted to higher temperatures upon extraction it is possible that 

complete drying causes the gelatin to exist in a β-sheet conformation.  Another possibility is a 

report in the range of 1640-1648 cm-1 as disordered structures (24) while the wavenumber range 

for disordered structures reported in another review (27) is slightly higher, 1642-1657 cm-1.  

After heating the film and compiling the amide I peak maxima, Figure 2.15b, six of the seven 

films had shifts of the amide I band to higher wavenumbers, greater than 1660 cm-1.  The same 

band of the remaining film shifted to a lower wavenumber, 1620 cm-1.  This was interesting 

because it has been reported that (74a), upon cooling, gelatin “renatures” and winds around 

neighboring molecules to form a combination of random coils and α-helices.  It is possible that 

since the temperature is much higher than the denaturation temperature of the protein, more 

random coils and intermolecular antiparallel β-sheets form.  Figure 2.17 confirms the shift from 

lower to higher wavenumbers, with one film being the only exception, upon heating.  In addition 

to the scatter plot, the spectra of all seven films’ spectral averages before and after heating were 

plotted in full scale view, see Figure 2.18.  This illustrates that all seven averages before heating 
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were essentially superimposed indicating homogeneity, but after heating there was a drastic shift 

to higher wavenumbers.  Previous studies (74) of gelatin in solution showed that the native 

gelatin’s amide I peak location falls around 1643 cm-1.  Upon heating, the peak shifted to lower 

wavenumbers, about 1633 cm-1.  This does not correlate well with the majority of the results 

from the present study.  A significant difference in these earlier studies was that the gelatin is 

heated to a mere 50 ˚C in prior processing (74), but a temperature of 100 ˚C was used in the 

present. 

 
Figure 2.17: The frequency of the amide I peak maxima taken from gelatin film spectral averages before (black 
diamonds) and after (grey squares) heating.  Gelatin is homogenous before heating. 
 

 
 
Figure 2.18: Spectral averages taken from seven films before and after heating.  The eight spectra centered at 
approximately 1635 cm-1 are those taken from films before heating, while those shifted to higher or lower 
wavenumbers are those taken from films after heating. 
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 The ratio of β-sheet content to that of the random coil/intermolecular antiparallel β-sheet, 

in deconvolved, modeled spectra, consistently decreases (Figure 2.19).  It can be noted that upon 

heating, there is an increase in the amount of random coil and/or intermolecular antiparallel β-

sheet.  The ratio of α-helix to β-sheet secondary structure was not consistent among the seven 

films. The results are spread about 50:50 (Figure 2.20).  Figure 2.21 shows the deconvolved, 

curve fit, spectra of film four to illustrate this fact. 

 
 
Figure 2.19: Area ratios taken from models fit into deconvolved amide I regions of seven gelatin film spectral 
averages are shown above.  The amount of β-sheet deplinishes while that of the intermolecular antiparallel β-sheet 
increases upon heating. 
 

 
 
Figure 2.20: The amide I region of seven gelatin film spectral averages were deconvolved and modeled.  Area ratios 
from models representing α-helix and β-sheet were plotted above. 
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a.

b.

 
 

Figure 2.21: Spectra of protein secondary structure components contributing to the amide I band are modeled from 
average spectra of gelatin films before heating (a) and after heating (b).  The dark blue lines are deconvolved 
spectra.  The red spectra are mathematical composites of the modeled components.  Blue and green models were fit 
into the deconvolved spectra representing different secondary structures.  Notice how the model located at 
approximately 1635 cm-1 representing β-sheet secondary structure is the most prominent in the unheated spectrum 
(a), but diminishes compared to that of intermolecular antiparallel β-sheet at approximately 1680 cm-1 (b). 
 

Wheat Gluten: WG, the plant source, results are more unusual than that of myoglobin 

and gelatin.  Figure 2.22 shows the same results for WG that are seen in both the myoglobin and 

gelatin films before heating occurs; the location of the amide I peak before heating is relatively 

homogeneous.  For all 21 spectra shown the frequency of the amide I peak is approximately 

1647 cm-1.  After heating, however, the peaks shift to higher wavenumbers (Figure 2.23).  This 

does not correlate with previous studies, showing a shift to lower wavenumbers in gliadin films 

dried at 70 ˚C, (66), and solubilized gluten heated to 85 ˚C (65).  As with the differences seen 

between prior and present studies of gelatin, the prior wheat gliadin and gluten studies were 

performed at lower temperatures.  Deconvolved, fit curves were ratioed in various ways shown 

in Table 2.1.  There is no consistency among the results for films one through three that were 

prepared in the same way.  The distribution of the amide I peak location does broaden after 

heating, Figure 2.24.  This is indicative of secondary structure change. 
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Figure 2.22: The amide region of twenty spectra and average (red) from a single wheat gluten film before heating in 
common view.  The location of the peak maxima, 1647 cm-1, is approximately the same for all spectra. 
 

 
 
Figure 2.23: Frequency of amide I peak maxima taken from three wheat gluten films before (black diamonds) and 
after (grey squares) heating.   
 
Table 2.1: Deconvolution Results from Wheat Gluten 
 

Αlpha Helix to Beta Sheet 
Film Number 1 2 3 
No Heat 1.07 2.70 1.83 
Heated 0.53 3.82 1.31 

Alpha Helix to all others 
Film Number 1 2 3 
No Heat 0.32 0.56 0.45 
Heated 0.16 0.79 0.52 

Alpha Helix to Intermolecular Beta Sheet 
Film Number 1 2 3 
No Heat 1.38 5.31 3.16 
Heated 0.30 67.86 6.44 
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Wheat Gluten Film Distribution of Amide I Peak Maxima
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Figure 2.24: The amide I peak maxima taken from 60 spectra of three films before heating (solid) and 60 spectra of 
three films after heating (shaded). 
 

Two films were cast from WG that had been ground with a mortar and pestle before 

extraction.  Figure 2.25 shows the frequency of the amide I peak maxima for these. In both of 

these cases the initial amide I location was slightly higher than the films that had not been 

ground with mortar and pestle (shown in Figure 2.23), and after heating the amide I peak 

location dropped only slightly.  Previous studies on hydrated wheat gluten proteins in their solid 

state (88b) reveal that the amount of α-helix and β-turn increase relative to β-sheet upon the 

hydration of gluten proteins.  This suggests a possible explanation for the higher amide I location 

in these two films.  If additional wheat gluten is solubilized, it is speculated that the heat 

treatment could have less severe of an effect.   

Wheat Gluten Film Distribution of Amide I Peak Maxima 
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Figure 2.25:  Frequency of the amide I peak maxima taken from wheat gluten films cast from wheat gluten ground 
with a mortar and pestle before extraction. 
 

An additional two films were cast from WG that followed the same extraction procedure 

as the first three films discussed, but with a total extraction time of 30 min instead of 2 min.  The 

location of the amide I peak before and after heating for these films is shown in Figure 2.26.  

Film one shows a similar frequency location before heating as the first three films.  After 

heating, however, the peak location shifted to a lower frequency.   The second film resulted in 

the highest amide I peak frequency seen among all WG films, which could possibly be a result of 

more gluten hydration, discussed above.  After heating, there was no change in peak location; 

therefore, two points are not visible in Figure 2.26.    

 
 

Figure 2.26:  Frequency of the amide I peak maxima taken from wheat gluten films cast from wheat extracted for an 
extended time.  The location of the amide I peak in film 2 is approximately equal before and after heating; therefore, 
the black diamond from film 2, before heating, is not visible. 
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There is considerable variation among the results seen in WG versus those in myoglobin 

or gelatin.  Previous studies have shown that the effects of heating are reversible to an extent.  It 

is possible that the amount of heating on both gelatin and myoglobin were so intense that the 

protein was unable to fold back into its α-helical conformation similar to WG.  Denaturation 

temperature of myoglobin at various pH levels all fall below 100 ˚C (89).  Gelatin denatures at a 

much lower temperature, 40 ˚C (90).  A study on the determination of denaturation temperatures 

of various wheat proteins states that for gluten proteins there are two denaturation temperatures, 

64 and 84 ˚C (91).  In the introduction for the same article it also states that previous studies have 

reported denaturation temperatures for gluten up to 112 ˚C.  It is interesting to note that the 

maximum amount of change occurred in the protein, gelatin, which had the lowest denaturation 

temperature, followed by myoglobin and WG.  Since one of the denaturation temperatures of 

WG falls around 100 ˚C it is not ludicrous that there was not as dramatic of a difference in the 

WG as compared to other raw materials tested.   The unexpected increase in α-helical content 

seen in the majority of the films could be due to this fact, but is pure speculation by the author. 

A previous thermal heating study on wheat gluten (65) states that formation of β-sheet is 

reversible upon cooling, but less reversible upon heating above 45 ˚C.  If the denaturation 

temperature is higher than 100 ˚C, it is possible that the secondary structure, upon cooling, over 

compensated the reversal with additional α-helix formation.  All assumptions made in the 

previous paragraph are purely speculative. 

 In summary, the use of stainless steel as a reflective substrate to study the changes in 

protein secondary structure during thermal processing in warranted.  The use of this inexpensive, 

relatively rapid method permits the study of the exact location on protein films before and after  

heating.  Overall, before heating the distribution of the amide I peak location within the center of 

the film is relatively compact.  After heating, in most cases, the distribution spreads out.  Peaks 

and side lobes occurring around 1620 and 1685 cm-1 have been documented as intermolecular 

antiparallel β-sheets and are a common sign of aggregation.  With the method options are 

available to study the effects of varying temperatures and times of heating of the film.  

Implication for food processing techniques including extrusion, pasteurization and spray drying 

may prove to be valid in the future. 

 In summary, the use of stainless steel as a reflective substrate to study the changes in 

protein secondary structure during thermal processing in warranted.  The use of this inexpensive, 
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relatively rapid method permits the study of the exact location on protein films before and after 

heating.  Overall, before heating the distribution of the amide I peak location within the center of 

the film is relatively compact.  After heating, in most cases, the distribution spreads out.  Peaks 

and side lobes occurring around 1620 and 1685 cm-1 have been documented as intermolecular 

antiparallel β-sheets and are a common sign of aggregation.  With the method options are 

available to study the effects of varying temperatures and times of heating of the film.  

Implication for food processing techniques including extrusion, pasteurization and spray drying 

may prove to be valid in the future. 

 Advantages offered by this microspectroscopic imaging method include the ability of 

revealing homogeneity or heterogeneity with spectra for 20 contiguous pixels not offered using 

macro techniques. Thermal processing on an ATR crystal is impossible.  Casting of the film 

using a small diameter needle on polished stainless steel, on the other hand, allows spectroscopic 

examination of the entire film before and after heating.  Point probing, as done with ATR, is 

unreliable because of its dependence on a few specific targeted areas, while imaging allows the 

entire area to be characterized and the selection of multiple spectra within the film.   
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Appendix A- Approaches to Relative Protein Secondary Structure  

 The following is a description of the learning process in determining a procedure for 

modified protein secondary structure subsequent calculations. 

Wheat Endosperm Hardness Data 

The procedure stated in the experimental section of Chapter 1 was the exact procedure 

used in the 2003 article “Revealing protein infrared spectral detail in a heterogeneous matrix 

dominated by starch” by Wetzel and coworkers (A1).  This procedure using GRAMS”RAZOR” 

software (ThermoGalactic, Salem, NH) was recommended to Wetzel by Dave Himmelsbach 

after working with typical data sets.  This software was adopted in our laboratory and used to 

calculate secondary structure components for wheat specimens listed in the article.  The main 

drawback is that each spectrum needs to be processed individually.  For one wheat specimen, 20-

25 spectra are selected, and processed one at a time.  This means that for a given year with 

approximately 25 different wheat cultivars, greater than 625 spectra are individually processed.  

For routine application to assist the wheat breeding program, the time required for these 

calculations is immense.   

Attempt to Apply Clustering 

 At the fall 2005 FACSS meeting, Wetzel discussed this dilemma with French physicist 

(University of Paris Sud), Paul Dumas, a synchrotron colleague of Wetzel and renowned 

microspectroscopist.  Dumas suggested the use of clustering using ISys software.  Dumas kindly 

worked with a typical data set that exemplified the protocol and results.  The clustering approach 

involved grouping of all spectral data to filter out pixels dominated by starch and highlight 

proteinaceous pixels with similar secondary structure configuration.  In theory, clustering results 

in a set of very similar spectra that could be accounted for by their average spectrum. Time and 

labor would be reduced with only one spectrum per wheat.  This would reduce secondary 

structure determination from 625 calculations per year to 25.  

 The following summer, 2006, while mapping the 2005 crop year at NSLS, simultaneous 

attempts were made using clustering with ISys (Spectral Dimensions/Malvern, Columbia MD) 
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and Cytospec (www.cytospec.com/) software.  Both clustering procedures involved a series of 

pre-processing steps (truncation of wavenumber range, normalization, and derivitization).  A 

direct comparison of α-helix to β-sheet ratios calculated by these two programs was done and 

individual cluster results within a program and individual spectral ratios were compared to 

cluster ratios.  As a result it was determined that clustering results in a “smoothing” effect of the 

spectra.  There was little, if any, consistency leaving extreme doubt in the results.  After all, 

wheat is a plant material and nature typically results in heterogeneity.   

Previously Described Secondary Structure Analysis Methods 

Reversion back to individually processing data led to further consideration of reducing 

the analysis time.  Various methods have been cited to determine protein secondary structure.  

Piot (A2) performed a process similar to that used in Chapter 1.  He used the second derivative to 

indicate peak position, curve fitting using the sum of Lorentzian and Gaussian functions on 

baseline corrected, normalized spectra.  From this model he measured the area of the α-helix to 

β-sheet ratios at Raman frequencies 1656 cm-1 and 1669 cm-1, respectively.  Kniepp et al (A3) 

used Opus 3.01 software (Bruker Optics, Billeries, MA) to perform second derivative on 

Savitsky-Golay smoothed spectra. Spectra were vector normalized over 1700-1500cm-1, and the 

ratio of intensities at 1637 cm-1 and 1657 cm-1 were measured.  In an earlier publication, Kniepp 

et al. (A4) used Opus 3.0 software.  The spectra were tested for absorption of water vapor using 

peak intensities at 1792.4 cm-1 and 1844.6 cm-1 as criteria.  Intensities, based on second 

derivative, greater than 2 x 10-5 and 3 x 10-5 were not included in the data evaluation. Offset-

corrected, first derivative absorbance spectra whose integral intensities between 1770 cm-1 and 

1100 cm-1 that were higher than 250 and lower than 30 were also excluded. Those spectra that 

passed these tests were used in PCA and cluster analysis.  Ten spectra within the center of each 

class were averaged together, and the second derivative of these averages were normalized and 

smoothed with Savitsky-Golay algorithm.  Kretlow et al. (A5) recorded the intensities of 

baseline corrected original absorbance data at peak positions 1637 cm-1 and 1657 cm-1.  A peak 

shift was apparent in some spectra from 1657 to 1650 cm-1 with decreased alpha helix.  After 

performing second derivative an additional peak at 1625 cm-1 appeared and a small downshift 

from 1655 to 1653 cm-1 was observed in some spectra.  Lasch et al. (A6) performed a second 

derivative with a Savitsky-Golay 9-point smooth. Spectra were vector normalized over 2800-
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2985 cm-1, an average of three adjacent points was taken and spectral information was removed 

in specific regions.  Other procedures have involved visual inspection (A7), quantification of 

second derivative intensities (A8), and the use of PROTA database with algorithms developed by 

outside companies (A9). 

A mass email and sample spectra were sent to the authors of these papers in attempts of 

forming a round robin to achieve an optimal analysis method.   

 Attempts at Other Methods 

Attempts were made at the analysis method offered by Kretlow.  The ratio of the peak 

intensities at 1657 and 1637 cm-1 were calculated from a baseline of 1715-1480 cm-1.  Initially it 

seemed that the method worked well.  Values were nearly identical to those found in the 

previously used analysis method (1).  The method however, did not work on all wheat data in 

that oftentimes the values were outside of the predicted hard wheat ratio range of approximately 

1.10 to 2.50.  Since multiple peaks can add together, it was believed that this method should not 

be used on native proteins.  If, however, pure, synthetically derived, or less complex proteins are 

being analyzed, this method may be more advantageous. 

 Using the second derivative intensities to look at secondary structure data resulted in 

absurd ratios sometimes above 20.  

 The method used in Chapter 1 was tested with the exact same parameters, in an updated 

version of GRAMS, AI 7.02 (Thermo Galactic, Thermo Scientific, Waltham, MA).  The ratios 

produced by these methods were different from those using the earlier version. 

 An extended telephone conversation between Wetzel and Galactic Industries former 

software writer responsible for two different versions of GRAMS, but not RAZOR, did not 

resolve the fact that differing versions produced different results even when using the same 

parameters. 

 Each successive software product employs its own programmed guidance criteria for the 

iterative process used.  Each is presumed by its author to offer some advantage. Thus selection of 

one version for comparing spectra regarding secondary structure within a given experimental 

group (crop year) is necessary for meaningful ranking. 
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Alterations to Final Method 

Since nearly half of the hard wheat data had been processed using the previously 

described method, there was no need to change horses in the middle of the stream.   Alpha-helix 

to β-sheet ratios from individual spectra resulting in values above 2.50 or below 0.80 were 

excluded from calculated averages.  If the β-sheet peak was extremely low and a peak at 

1620 cm-1 appeared, the peak at 1620 cm-1 was deleted to increase the size of the β-sheet peak.  

Figure A.1 is an example of how initially the β-sheet peak is very low resulting in an α-helix to 

β-sheet ratio of an unrealistic 2.35.  After the deletion of the peak at 1620 cm-1 the ratio 

decreases to 1.91.  If the α-helix peak appeared closer to 1645 cm-1 instead of 1650 cm-1 the peak 

at 1645 cm-1 was considered to be the α-helix peak (Figure A.2).  Finally, if the α-helix peak 

was very low, resulting in a ratio of less than 1.00, a peak of a higher frequency such as  

1670 cm-1 was deleted to increase the size of the alpha-helix peak.  Figure A.3 shows an 

example of how the α-helix to β-sheet ratio was less than 1.00, but after the deletion of the peak 

at 1670 cm-1, ratio was a realistic value.
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Figure A.1:  Protein secondary structure model showing a very small β-sheet peak with an additional peak at 1620 
cm-1 (top).  After deletion of the peak at 1620 cm-1, the β-sheet peak at approximately 1635 cm-1 increases. 
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Figure A.2: Protein secondary structure model showing an α-helix peak near 1645 cm-1.  
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Figure A.3: Protein secondary structure model showing an α-helix to β-sheet ratio of less than 1.00 (top).  After the 
deletion of the peak at 1670 cm-1 the ratio increased to approximately 1.22. 
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Appendix B- Software for Protein Film Data 

For all protein film data, it was decided to use the more recent version of the GRAMS 

software, GRAMS AI 7.02.  In this version of GRAMS various parameters need to be 

manipulated to achieve an optimal model.  It was decided to stick with the same region as used 

in the previous method (A1), 1782-1570 cm-1.  This was the amide I region, and there was no 

need to change this parameter.   Spectra recorded from film data had very smooth baselines, 

therefore it was decided to bypass baseline correction. 

 Values were calculated using Savitsky-Golay smoothing with various points: 5, 7, 9, and 

11.  When peak fitting was performed on these spectra, it showed that as the number of 

smoothing points increased, the fewer peaks were apparent in the curve fit model.  All spectra 

taken from film data were smooth initially; therefore, no further smoothing routine was 

performed. 

 Applying a second derivative requires selection of the degree and the number of points.  

The second and third degree results were visually identical.  As the number of points in 

increased, the amount of smoothing increases.  It was decided to stick with the 2nd degree with 

seven smoothing points to avoid smoothing over peaks.  

 Attempts were made to skip the deconvolution step and go directly to curve fitting.  

Results from this were unusual in that location of the α-helix and β-sheet peaks did not 

correspond to second derivative peaks.  For example, instead of the typical 1655 and 1635 cm-1 

found in the second derivative routine, peaks were found at 1660 and 1640 cm-1.    

 In the deconvolution step the most important parameter to set is the gamma (γ) factor.  

The γ factor is related to the full width at half height.  The multiply cited paper by Byler and Susi 

(A10), a full width at half height of 13 was determined to be ideal for protein secondary structure 

determination.  Initial attempts were made with a γ factor of 6.5.  A later article by the same 

authors used a γ factor of 7.5 (A11).  Increasing the γ factor, enhances the visible curve 

formation in deconvolved spectra.  It is critical to not over-deconvolve and not eliminate peaks 

that are present in the spectrum.   A smoothing option available within the deconvolution step 

was not used for reasons described above. 
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 The curve fitting step presented itself with the choice of various parameters.  The first is 

the type of baseline.  A linear function is the default, but when the fitting iterations are 

performed, the baseline is oftentimes shifted to a diagonal.  For this reason, an offset baseline 

was selected, because it resulted in a straight baseline.  A Gaussian plus Lorentzian function was 

used based on previous data analysis articles (A1, A6).  The full width at half height of 13 was 

selected.  Finally a low sensitivity was used.  The higher the sensitivity, the more peaks there are 

to deal with.  Fifty iterations were adequate for curve fitting.  If after the 50 iterations were 

performed, a peak was shown as having a negative area, those peaks were deleted and 50 

additional iterations were performed. 

 After curve fitting was complete, the location of the model peaks was checked with the 

location of the peaks in the second derivative.  A few times, a peak that was in the second 

derivative was not in the curve fit model.  If this was the case, a peak was added in the model, 

before the 50 iterations of fitting. 

 In conclusion, for any protein secondary structure analysis method that is used, it is 

important to stick with one software program.  Each program, even newer versions of the same 

could give slightly different results.  For comparison and ranking of data, it is critical to stick 

with the same program.  Although deconvolution and curve fitting are subjective, as long as the 

second derivative spectra match with the peaks seen in the deconvolved and curve fit model, it is 

probably reliable.   
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