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Abstract 20 

Commercial potato protein concentrate (PPC) was investigated as a source of thermoformed bio-21 

based plastic film. Pressing temperatures of 100 to 190oC with 15 to 25% glycerol were used to form 22 

PPC films.  The shape of the tensile stress-strain curve in thermoformed PPC was controlled by 23 

glycerol level and was independent of processing temperature. Tensile testing revealed that 24 

elongation at break increased with processing temperature while Young’s modulus was unaffected 25 

by processing temperature, both in contrast to previous results in protein based systems. Also in 26 

contrast to previous studies, Young’s modulus was found to be only sensitive to glycerol level. 27 

Maximum tensile stress increased with increasing processing temperature for PPC films. Maximum 28 

stress and strain at break correlated with the extractable high molecular weight protein content of 29 

the processed films measured with size exclusion chromatography. Infrared absorption indicated 30 

that the content of β-sheet structure increased from the commercial protein concentrate to that 31 

pressed at 100 oC, but did not further develop with increasing press temperature. Changes in 32 

structural arrangements were observed by small angle x-ray scattering indicating the development 33 

of different correlation distances with processing temperature but with no clear long range order at 34 

the supramolecular level. The novel Young’s modulus behaviour appears to be due to constant 35 

secondary structure or the effect of aggregated protein structure formed during protein production. 36 

Unique strain at break behaviour with processing temperature was demonstrated, likely due to new 37 

connections formed between those aggregates.38 
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Introduction 39 

The use of protein co-products from various industrial processes for making materials is of interest 40 

due to environmental concerns and the security of petroleum supplies. Potato protein concentrate 41 

(PPC), a co-product of the industrial potato starch industry, is available in large quantities at a 42 

reasonable price of 1.4-1.5 €/kg, and is therefore an interesting source for bio-based materials. 43 

Potato protein concentrate is extracted from potato fruit water (PFW), a co-product of industrial 44 

potato starch production, having approximately 5% dry matter with one third of this being proteins, 45 

peptides and amino acids1. The remainder contains other soluble potato components and a reducing 46 

agent, such as NaHSO3, used to prevent starch browning. During the commercial production of PPC 47 

from PFW the conditions for protein coagulation are: pH of 3.5-51 a temperature of 75 to 120oC2 48 

followed by spray drying1. Although this treatment leaves the proteins denatured both chemically 49 

and thermally, it is required to induce protein coagulation for commercially viable protein recovery.  50 

Potato protein concentrate consists of two main protein groups, patatin (molecular weight 40-43 51 

kDa, 40-60% of total protein)3, 4, three classes of protease inhibitors (8-25 kDa, 20-50%)3, 4 as well as 52 

other mostly higher molecular weight proteins (e.g. 80 kDa phosphorylase, 20-30%)3 . The overall 53 

amino acid profile of PPC is low in sulphur containing amino acids, but is relatively high in lysine5. 54 

Patatin and the protease inhibitors are well characterized for their crystalline structure and 55 

biological function.6-9 However, thermal/acid coagulation during protein recovery denatures the 56 

proteins and effectively deactivates their enzymatic activity1. During this acidic thermal processing 57 

there also exists possible reactions with phytochemicals such as phenolics resulting in protein cross-58 

linking10 or deactivation of reactive amino acids such as lysine11. 59 

Protein based materials are mainly of interest as films, processed in the presence of a plasticizer 60 

such as glycerol to improve flexibility12-25. Plant protein films have demonstrated attractive oxygen 61 

and CO2 barrier properties for proteins such as soy25, wheat gluten12 and corn zein26 among others, 62 
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while their mechanical properties need to be increased to compete with petrochemically based 63 

polymers. 64 

Despite availability and reasonable cost, to our knowledge potato protein has not been considered 65 

before as a possible main source for protein based materials. So far, potato protein has formed a 66 

minor component in potato peel waste based materials (16 g protein/100g)13 and has been used as a 67 

minor addition (5%) to carboxylated acrylonitrile-butadiene rubber27. In the former case, glycerol 68 

and lecithin were used to act as plasticizers and emulsifiers, respectively, and high pressure 69 

homogenization was most effective in producing solutions for cast films. In the latter case, potato 70 

proteins acted to increase crosslink density of vulcanizates and consequently improved mechanical 71 

properties, while simultaneously increasing biodegradability27. 72 

Chemical and thermal denaturation during protein based material processing unfolds proteins 73 

exposing amino acid reactive groups.  This unfolding makes reactive functional groups available for 74 

covalent bonding such as disulphide and isopeptide bonds, increases protein-protein interactions28 75 

and Maillard reactions with saccharides1, 28. Chemical cross linkers, such as formaldehyde and 76 

glutaraldehyde, can be used to form inter-protein covalent bonds resulting in improved protein 77 

networks, but are criticized for their poor environmental footprint29. Denaturation during processing 78 

can facilitate refolding into protein secondary structures, such as β-sheets, contributing to improved 79 

material properties19, 20. Thermally processed wheat gluten based materials with improved 80 

mechanical properties14 and gas permeability19 have been found to have superstructural protein 81 

arrangements using small angle x-ray scattering (SAXS)15, 18 . Thermal processing in protein based 82 

materials results in a more developed network structure with higher stiffness and lower elongation 83 

to break as the processing temperature increases16, 17. At higher temperatures the thermal damage 84 

of proteins becomes the dominant factor and the protein network begins to degrade17, 30. 85 

By examining changes in protein polymerization behaviour through solubility via size exclusion high 86 

performance chromatography (SE-HPLC)15, 17, 18 and protein structural organization via both SAXS15, 18 87 
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and infrared spectroscopy (IR)15, 18, relationships between processing conditions and structure-88 

property relationships of protein based material can be explored. 89 

The aim of this study was to examine the suitability of commercial potato protein for bio-based 90 

films. We also aimed to examine the effect of plasticization and thermal processing on the 91 

mechanical properties of protein based materials, as well as explore the underlying changes 92 

governing these properties. The relationship between the tensile properties and protein network 93 

was probed via SE-HPLC measurements, while the effect of protein structural organization was 94 

examined through IR and SAXS. 95 

96 
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Materials and Methods 97 

Materials 98 

Commercial PPC, protein content 82% ±2 (Dumas method, Flash 2000 NC Analyzer, Thermo 99 

Scientific, USA, NX6.25), moisture content 8.1% ±0.4, (dry basis, dried 105 oC, 3 h) was graciously 100 

provided by Lyckeby Starch AB (Sweden) and used as received. 101 

 102 

Compression moulding 103 

Compression moulding was performed as in Newson et al. 17 Briefly, PPC and glycerol (99.5%, 104 

Karlshams Tefac, Sweden) were mixed by hand using a mortar and pestle until the glycerol was 105 

evenly distributed (3-5 min). The mixture was placed between preheated aluminium plates with 106 

polyethylene terephthalate release film in the centre of a 100 mm X 100 mm opening in a 0.5 mm 107 

thick aluminium frame to control the size and thickness of the film. A 100 kN moulding force was 108 

applied for 5 min to all samples. The films were subsequently cooled in the frame between two 109 

room temperature aluminium plates. 110 

 111 

Tensile testing 112 

Tensile testing was carried out as in Newson et al.17 Briefly, tensile specimens were punched from 113 

PPC films (ISO 37-type 3, Elastocon, Sweden) and conditioned for 48 h at 23˚C and 50% relative 114 

humidity (RH) before testing. Thickness was measured on each specimen at 5 locations in the test 115 

section (indicator IDC 112B with stand, Mitutoyo, Sweden) and averaged. The specimens were 116 

tested with an Instron 5566 universal test machine and data collected using Bluehill software 117 

(Instron, Sweden) at 23˚C and 50% RH using 30 mm clamp separation, crosshead speed of 10 118 

mm/min and a 100 N load cell. Stress was calculated from the applied force divided by the cross 119 

sectional area of the reduced width section while strain was calculated from the crosshead 120 
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displacement divided by length of the reduced width section, Young’s modulus (E-modulus) was 121 

calculated according to ASTM D63831. All values are from a minimum of 5 replicates. 122 

 123 

Water absorption 124 

Water absorption tests were carried out based on Newson et al.32 Three replicate samples were 125 

prepared from the potato protein films with a 5 mm diameter punch and lyophilized for a minimum 126 

of 48 h (Scanvac Coolsafe, Scanlaf, Denmark), weighed and immersed in water for 24 h at 4oC to 127 

prevent microbial growth. Disks were removed from the water, held vertically for 10 s, the pendant 128 

drop removed and then blotted between dry filter paper (grade 1701, Munktell, Sweden) under a 25 129 

g weight for 10 s and weighed. The samples were again lyophilized and weighed. The water 130 

absorption was calculated according to the following formula (swollen mass - final lyophilized 131 

mass)/final lyophilized mass and mass loss during immersion as (original lyophilized mass – final 132 

lyophilized mass)/final lyophilized mass. 133 

 134 

Size exclusion high performance liquid chromatography 135 

To determine the protein solubility and size distribution of the extractable proteins in PPC films a 136 

procedure similar to the three-step extraction developed by Gällstedt et al.
12 was used. Briefly, 137 

samples of each film were reduced in size by hand cutting, to approximately 0.2 mm and 16.5 138 

(±0.05) mg was weighed into 1.5 ml centrifuge tubes (in triplicate). All extractions were carried out 139 

serially in 1.4 ml extraction buffer (0.5% (wt/vol) SDS (Duchefa, Netherlands), 0.05M NaH2PO4 (Baker, 140 

Netherlands), pH 6.9) as follows; extraction 1, vortexing for 10 seconds, shaking 5 minutes at 2000 141 

rpm; extraction 2, 30 seconds ultrasonication at an amplitude of 5 µm (Sanyo Soniprep, Tamro, 142 

Sweden); extraction 3, 30 + 60 seconds ultrasonication at the same amplitude. After each extraction 143 
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the sample was centrifuged at 19000 RCF for 30 minutes and the supernatant decanted directly into 144 

HPLC vials. 145 

 146 

Chromatography was performed on a Waters 2690 Separations Module and Waters 996 Photodiode 147 

Array Detector (Waters, USA) at an isocratic flow of 0.2 ml/min (50% Acetonitrile (Merck, Germany), 148 

0.1% trifluroacetic acid (TFA, spectroscopy grade, Merck); 50% H2O (Millipore, USA), 0.1% TFA). A 20 149 

μl injection of supernatant was separated through a prefilter (SecurityGuard GFC 4000, 150 

Phenomenex, USA) and main column (Biosep-SEC-S 4000 300mm X 4.5mm, Phenomenex). Data was 151 

3D blank extracted using the extraction buffer and chromatograms extracted at 210 nm and 152 

integrated into 2 arbitrary fractions; high molecular weight (HMw) from 7.5 to 14 minutes and low 153 

molecular weight (LMw) from 14 to 30 minutes using Empower Pro software (Waters, USA). The 154 

areas of the elution intervals were normalized to the total area of the chromatograms for protein 155 

extraction of as-received PPC and corrected for glycerol content. 156 

 157 

Small angle X-ray scattering 158 

The small angle X-ray scattering (SAXS) experiments were carried out at beamline I911-4 of the MAX-159 

IV Laboratory, Lund, Sweden33. A monochromatic beam with a 0.91 Å wavelength was used with a 160 

sample to detector distance of 1901.71 mm and an exposure time of approximately 5 minutes for 161 

each sample. Two dimensional data was obtained with a hybrid pixel x-ray detector (Pilatus 1M, 162 

Dectris, Switzerland). The software program bli9114 was used for analysis of X-ray scattering data33. 163 

Average radial intensity profiles were obtained as a function of the scattering vector q (q= 4π/λ 164 

sin(θ), where 2θ is the scattering angle, and λ is the wavelength) by integrating the data in the 165 

complete isotropic scattering pattern. The intensities were normalized by the integrated intensity 166 

incident on the sample during the exposure and corrected for sample absorption and background 167 

scattering. 168 

 169 
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Infrared spectroscopy 170 

Infrared spectra were recorded using a Spectrum 2000 FTIR spectrometer (Perkin-Elmer, USA) 171 

equipped with a Golden Gate single reflection ATR accessory (Specac, UK). Samples were dried for at 172 

least 72 h over silica gel before testing. Spectra were taken from 4000 to 600 cm-1 and averaged over 173 

16 scans. Data was normalized to the total amide 1 band intensity from 1690 to 1600 cm-1. 174 

 175 

Structural modelling 176 

Crystalline and nuclear magnetic resonance derived structures of potato proteins were taken from 177 

the Protein Data Bank34. The schematic ribbon diagrams showing changes in protein structure during 178 

processing of PPC were drawn with the help of I-TASSER35, PyMOL Molecular Graphics 179 

System (version 1.3r1 edu, Schrödinger LLC, USA) and Adobe Illustrator.180 
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Results and discussion 181 

Tensile properties 182 

The tensile properties of PPC based materials exhibit E-moduli and strain at break (εb) that are 183 

incongruent with previously examined thermoformed protein systems. E-modulus maintained a 184 

constant value within each glycerol level (15, 20 and 25%) over the applied pressing temperatures 185 

from 100 to 170 oC  (Fig. 1, 2a). The general shapes of the tensile curves are consistent across the 186 

temperature range for each glycerol level (Fig. 1). Increased pressing temperature allowed the 187 

material to deform to higher stresses and strains along the typical curve for each glycerol level 188 

without having an impact on the curve shape. Attempts to press at higher temperatures (190 oC) 189 

resulted in untestable material due to thermal protein breakdown as indicated by the increase in 190 

soluble LMw protein at 5 minute pressing time (Fig. 3). 191 

In previous thermoformed glycerol plasticized protein systems an increase in E-modulus with 192 

increased pressing temperature has been shown19. The previously observed increase in E-modulus 193 

with temperature was expected due to increased protein network density (cross-linking) as 194 

demonstrated through a decrease in protein solubility20. The statistical thermodynamic theory of 195 

cross linked macromolecular elastomers suggests a possible model for cross link density – E-modulus 196 

relationships36: 197 

 3(E-modulus)=G=NkT=ρRT/Mc (1) 198 

Where the shear modulus, G = 3 x E-modulus for incompressible solids20, N = the number of network 199 

chains per unit volume, k = Boltzmann’s constant, T = temperature, ρ = density, R = the gas constant 200 

and Mc = chain molecular weight between cross links.In the case of protein systems the situation 201 

appears to be more complex than indicated by equation 1 20, 37. When cross linked macromolecular 202 

elastomer theory has been applied to protein network swelling and mechanical properties, it was 203 

demonstrated that secondary structure and protein-protein interactions also have an effect on 204 
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network behaviour, not simply Mc
37. In thermally processed PPC materials we found a decrease in 205 

protein extractability with temperature up to the minimum solubility at 150 oC (Fig. 3a). This 206 

suggests an increase in protein network development with temperature, up to 150 oC, but there is 207 

no corresponding increase in E-modulus over the same temperature range as is suggested by 208 

equation 1. 209 

 In the as-received PPC there is already low protein solubility and high HMw protein aggregates as a 210 

consequence of industrial processing2 (Fig. 4). This indicates the existence of an insoluble protein 211 

network in the starting material before thermal processing. Heating the material during pressing 212 

increases the degree of networking, as indicated by changes in solubility and Mw (Fig. 3, 4), while no 213 

increase in E-modulus is observed when heated between 100 and 170 oC (Fig. 2). This behaviour is 214 

unusual for a thermally processed plasticized protein based material, and to our knowledge has not 215 

been previously reported. 216 

The effect of glycerol content on E-modulus was found to be as expected for a plasticizer; higher 217 

glycerol levels decrease the E-modulus by reducing protein-protein interactions (Fig. 1, 2a). Glycerol 218 

levels were limited to 25% as glycerol migrated to the surface during conditioning at higher levels 219 

(i.e. at 30% glycerol, 50% RH, 23 oC). In other protein systems, e.g. wheat gluten12 and soy protein 220 

isolate38, glycerol levels as high as 40% have been successfully used.  221 

Increasing press temperature positively influenced tensile strength (σmax) and εb, resulting in 222 

increases up to pressing temperatures of 170 oC, prior to the onset of thermal breakdown (Fig. 1, 2b, 223 

c). As σmax and εb are related to local deformation stability, such as crack initiation, the creation of a 224 

more cohesive network decreases the likelihood of a local failure. The development of the network 225 

through increased pressing temperature is seen in reduced overall solubility (Fig. 3a) and especially a 226 

reduction in HMw components in the extractable proteins, indicating the incorporation of HMw 227 

proteins into the cross linked network. The trend to higher σmax at higher temperatures has been 228 
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previously observed in the wheat gluten protein based thermally-processed system19 and in the heat 229 

treatment of cast soy protein films21. 230 

The glycerol level has an effect on the variation of σmax and εb with temperature (Fig 2b,c). At higher 231 

temperatures (above 130 oC) the 15% glycerol material continues to increase in σmax while the higher 232 

glycerol materials (20 and 25%) level off. It appears that this σmax behaviour is due to the shape of 233 

the stress-strain curve, which forms a plateau at higher strains, while the 15% glycerol case has not 234 

reached the plateau before 170 oC (Fig. 1). Increasing pressing temperature increases εb  up to the 235 

maximum testable processing temperature of 170 oC (Fig. 1, 2c). This contrasts with previous results 236 

in protein systems where εb decreases with increasing processing temperature21, 22. In terms of εb 237 

and σmax the materials follow the same curve for each glycerol level with εb and σmax varying with 238 

processing temperature as the materials proceed further up the tensile curve before failure (Fig. 1). 239 

The overall tensile behaviour suggests an initial network formed at temperatures lower than 100 oC 240 

that remains dominant up to 170 oC. It is possible that to some extent this network is formed during 241 

initial protein production. Tensile failure, εb and σmax, are controlled by the temperature of 242 

compression moulding and the changes in Mw distribution resulting from such processing. The E-243 

modulus value in such a system appears to be dominated by the initial network as all materials 244 

behave the same in the low strain regime independent of processing temperature. The properties 245 

dependant on the expansion of the initial network, σmax and εb, are enhanced as network 246 

connectivity is strengthened by thermal processing. 247 

Protein solubility and molecular weight distribution The as-received PPC contained a large 248 

proportion of HMw proteins eluting at low times (Fig. 4a). This HMw fraction in the as-received PPC 249 

is most likely due to protein-protein interactions formed during commercial protein coagulation as 250 

the reported proteins in untreated PFW are of low to medium Mw 3, 4.  In order to extract these 251 

HMw proteins sonication was required, 2000 rpm shaking with SDS-phosphate buffer was not 252 

sufficient to disrupt protein-protein interactions and induce solubility (Fig. 4). The interactions that 253 
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result from the formation of HMw protein aggregates and networks in the as-received PPC occurred 254 

at elevated temperatures and dilute aqueous acidic conditions. Film processing included only 255 

plasticizer and thermal treatment which may give rise to a different set of possible protein-protein 256 

interactions during compression moulding, allowing the expansion of the network previously formed 257 

during coagulation. 258 

As the material is processed at increasing temperatures, the overall solubility decreases to a 259 

minimum at 150 oC (Fig. 3a). Above 150 oC an increase in the easily soluble proteins (extraction 1) 260 

eluting at the LMw end of the chromatogram indicates the formation of protein fragments from 261 

thermal degradation (Fig. 4). It should be noted that the HMw fraction decreases to almost 0 at 150 262 

oC (Fig. 3c) and does not recover at higher temperatures undergoing thermal degradation. It appears 263 

that only small fragments are formed from thermal breakdown, not intermediate fragments (Fig. 4). 264 

The appearance of LMw fragments at 170 oC does not appear to have an adverse effect on σmax and 265 

εb. At the highest temperature treatment (190 oC) the protein solubility increases to the same overall 266 

level as the original PPC, although with a shift to lower molecular weights (Fig. 4d). 267 

Although SE-HPLC is a useful tool for examining the Mw of soluble proteins, the decrease in total 268 

soluble protein from 100 to 150 oC indicates the increasing incorporation of proteins in to the 269 

insoluble protein network (Fig. 3a) thereby influencing cross linking density. The effect of the 270 

incorporation of more protein into the network could be expected to increase N and decrease Mc 271 

(equation 1) through the higher fraction of participating chains and the formation of cross links, 272 

respectively. As there was no increase in the E-modulus with the change in level of soluble protein 273 

(Fig. 2a), the mechanical behaviour of the network either does not follow the statistical mechanics 274 

basis for equation 136 or its conditions are not met. The behaviour of the network can also be probed 275 

using solvent swelling experiments20, 36, 37, see the discussion of water swelling below. 276 

It may be expected that increased glycerol content would enhance protein mobility resulting in more 277 

opportunities to form a network as in the previously reported “chemical chaperone” effect15. In the 278 
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PPC case extractability and molecular weight data from SE-HPLC (Fig. 3, 4) exhibit little difference 279 

between glycerol levels.  This indicates that the changes in σmax and εb with glycerol level (Fig. 2c) are 280 

not due to glycerol effects on protein aggregation, but its effect on the shape of the stress-strain 281 

curve is through disrupting weak protein-protein interactions. 282 

Changes in σmax and εb can be correlated to changes in molecular weight. Figure 5a demonstrates the 283 

relationship between σmax and the level of extractable HMw proteins. Lower amounts of extractable 284 

HMw proteins are found in higher strength PPC materials. It is believed that these proteins become 285 

insoluble by participating in the protein network, although their exact fate is not known. A log – log 286 

plot of εb vs. extractable HMw proteins (Fig. 5b) demonstrates that as the HMw proteins are 287 

captured by the network, εb increases.  New thermally induced cross links interconnect the 288 

aggregated domains formed during PPC production increasing coherence of the network and 289 

increasing εb. Total soluble protein does not fit very well with the tensile data, possibly due to a 290 

population of LMw proteins that are resistant to participating in the network and LMw protein 291 

fragments from thermal degradation. 292 

Water absorption 293 

Water immersion of glycerol plasticized thermally processed PPC films resulted in swelling and 294 

weight gain which varied with pressing temperature (Fig. 6a). The mass gain decreased from 100 oC 295 

to 130-150 oC followed by an increase up to 190 oC in a similar way for all films. This behavior is 296 

similar to the overall protein solubility (Fig. 3a). Well developed theories based on statistical 297 

thermodynamics exist for the swelling of cross linked macromolecular networks, known as rubber 298 

elasticity36. Attempts have been made to apply rubber elasticity analysis to the swelling of protein 299 

systems20, 37. In the case of swelling wheat gluten based materials in water it was found that rubber 300 

elasticity did not adequately explain experimental data20. In the swelling of cross linked ovalbumin 301 

gels it was found that using 6M urea as a denaturing solvent removed secondary structure and led to 302 

behavior that was adequately described by rubber elasticity theory37. 303 
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Whatever the specific relationship between rubber elasticity and swelling in protein based systems, 304 

both studies suggest that lower swelling indicates a higher degree of cross linking. A higher degree of 305 

cross linking should also result in a higher value of E-modulus, although the exact nature of this 306 

relationship is also unclear. In our case the variation in swelling with film processing temperature 307 

suggests changes in cross linking (Fig. 6a), but there is no associated change in the E-modulus in the 308 

same temperature range (Fig. 2a).20 309 

The dry mass of the films after swelling was also affected by processing temperature. Mass loss 310 

decreased from 100 oC to the minimum at 150-170 oC followed by an increase at 190 oC (Fig. 6b).In 311 

the 100 to 170 oC range solubility decreases as cross-linking increases while above 170 oC thermal 312 

protein fragmentation begins (Fig. 3b, 4d). The differences between mass loss in water (Fig. 6b) and 313 

total protein extraction with SDS buffer (Fig. 3a) may be due to the action of SDS on weak 314 

interactions and the energy applied during extraction in the form of shaking and sonication. 315 

Glycerol level affected mass loss significantly but showed only a minor effect on mass gain, 316 

indicating that glycerol molecules are already occupying positions in the network that otherwise 317 

could have been taken up by water (Fig. 6a). In the case of mass loss (Fig. 6b), previous work has 318 

shown that on immersion glycerol is dissolved into the immersion water20. On drying it is expected 319 

that the films will lose their glycerol mass along with the dissolved components, resulting in the 320 

observed glycerol effect. 321 

Protein secondary structure through IR absorption 322 

IR absorption was used to examine the changes in the amide 1 region (1700-1600 cm-1) where C=O 323 

vibrations are a sensitive indicator of secondary protein structure, correlating well with other 324 

methods 39. Changes in secondary structure as revealed through IR absorption have been used to 325 

examine the development of protein configuration due to processing in protein based materials and 326 
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its effect on protein aggregation, film formation and material processing in a number of studies 23, 24, 327 

40-43. 328 

The initial heating step from as- received PPC to material pressed at 100 oC showed an increase in β-329 

sheet content as indicated by the increase in the FTIR spectrum around 1625 cm-1 23(Fig. 7a). IR 330 

spectroscopy of pressed samples showed little development in the amide 1 region (1690-1600 cm-1) 331 

at increasing processing temperatures from 100 to 150 oC indicating a lack of further development in 332 

secondary structure (Fig. 7a). From 170 to 190 oC a change in secondary structure was again seen 333 

(Fig. 7a,b), likely due to thermal damage causing a loss of protein integrity. The ratio of intensity at 334 

1625cm-1 (β-sheet region23, 24, 40-43) to 1652 cm-1 (α-helix/disordered region23, 24, 40-43) (Fig. 7b) 335 

indicates a large change in structure on initial heating to 100 oC, followed by minor changes to the 336 

secondary structure from 100 to 150 oC, with a decrease in the ratio of β-sheet to α-helix/disordered 337 

at higher temperatures. The effect of glycerol on structure (Fig. 7b,c) is also minor, except for 25% 338 

glycerol at 150 oC where increased plasticization appears to have pushed the structure towards the  339 

changes that occur at 170 oC at all glycerol levels. 340 

The literature contains examples where it is suggested that mechanical property development in 341 

protein based material is at least in part due to changes in secondary structure 23, 40, 41, 43. In our case 342 

little change in secondary structure accompanies changes in σmax and εb, while changes in extractable 343 

HMw protein correlate to σmax and εb changes (Fig. 5) indicating that in this case secondary structural 344 

changes are not important in mechanical property development from 100 to 170 oC. 345 

Small angle X-ray scattering 346 

In contrast to the IR absorption data, SAXS data shows clear changes in morphology with increasing 347 

pressing temperature (Fig. 8, Table 1). The as-received PPC powder contains no SAXS scattering 348 

peaks, while films pressed at 100 to 150 oC show two peaks with correlation distances44, 45, the 349 

average distance between domains, of 75-95 Å(d2) and 44 to 48Å (d3) (Fig 8, Table 1). Interestingly, 350 
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at 130 oC the d2 peak is more pronounced than at other temperatures. An additional peak, d1, 351 

appears at 150, 170 and 190 oC (very weak at 150 oC, 195 and 192Å at 170 and 190 oC, respectively). 352 

The position of d2 and d3 remains fairly constant from 150 to 190 oC.  353 

Although scattering intensities clearly change in the thermoformed films, the peak position 354 

relationships do not correspond to any well defined long range ordered morphology (Table 1) as 355 

have been seen previously for thermoformed WG-based materials, e.g. hexagonal or tetragonal 356 

structures15, 18. There is some change in peak position with both pressing temperature (Fig. 8a) and 357 

glycerol content (Fig. 8b), although these changes are not correlated with each other. Thus, the 358 

peaks d1, d2 and d3 represent the behaviour of different correlation distances in present the system. 359 

The appearance of d1 at higher temperatures corresponds to the occurrence of LMw fragments in 360 

SE-HPLC (Fig. 3b and 4d) and may be due to the presence of protein fragments that have become 361 

free to reorganize. 362 

Changes in glycerol content appear to have little effect on the d-spacing found in the system at 170 363 

oC, with the increased glycerol slightly shifting peak position to lower spacing (Fig. 8b, Table 1). It 364 

may be expected that increased glycerol content would swell the structure. Increased glycerol 365 

content causes d2 to shift to higher distances while d3 shifts to smaller distances (Fig. 8b, Table 1). 366 

This indicates that glycerol is not evenly distributed on the scale probed by SAXS. A schematic 367 

representation (Fig. 9) shows a possible visualization of the morphological changes occurring from 368 

the processing of PFW to a developed network structure in thermoformed PPC film. The PFW 369 

contains the major protein groups, patatin and protease inhibitors (Fig. 9a), as described earlier in 370 

the manuscript.  Upon industrial processing of PFW to PPC the structure of the proteins are 371 

denatured and refold as a cross linked network without any specific structure developing (Fig. 9b) as 372 

shown by solubility (Fig 3.), IR (Fig. 7) and SAXS (Fig. 8) results. Thermoforming to 170 oC (Fig. 9c) 373 

results in an increase in protein cross linking (Fig. 3), the development of β-sheet structure 374 
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(compared to unpressed PPC) (Fig.7) and the appearance of independent characteristic distances as 375 

observed in SAXS (Fig. 8). 376 

Conclusions 377 

Commercially available PPC, plasticized with glycerol and thermally processed, resulted in protein-378 

based materials with unusual polymerization and tensile properties. Unexpectedly, E-modulus was 379 

only affected by glycerol level and did not change with processing temperature, a different behavior 380 

as related to previous reports on protein-based systems. Protein secondary structure was also 381 

unaffected by processing temperature, despite changes in protein solubility with temperature, 382 

indicating a possible cause for the constant E-modulus. The as-received PPC showed the presence of 383 

polymerized proteins before the thermoforming of films. This initial protein network may also be 384 

responsible for the constant E-modulus by providing a basic level of network interconnectivity across 385 

all processing temperatures. A decrease in the extractable HMw fraction of the protein brought on 386 

by thermal processing corresponded with an increase in both σmax and εb.  An increase in σmax with 387 

temperature followed theories for cross-linking of proteins that have been previously developed, 388 

while the increase in εb with temperature did not. The reason for this discrepancy might be that new 389 

thermally induced cross links are interconnecting the aggregated domains formed during PPC 390 

production increasing network cohesion and thus εb. 391 

 392 
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Table 1 Peak spacing from small angle X-ray scattering of PPC based materials. 467 
 468 
 469 
 470 

Pressing 
Temperature 

(oC) 

glycerol 
(%) 

d1 (Å) d2 (Å) d3 (Å) 

constant glycerol, varying temperature  

100 25 - 75.2 44.6 

120 25 - 94.9 44.6 

130 25 - 85.8 44.2 

150 25 - 95.3 48.5 

170 25 195 93.5 47.7 

190 25 192 96 48.5 

constant temperature, varying glycerol  

170 15 197 87.1 49.9 

170 20 191 90.4 47.8 

170 25 195 93.5 47.7 

  471 
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Figure 1. Representative tensile behaviour of thermoformed films of glycerol plasticized potato 472 

protein concentrate. 473 

Figure 2. Average tensile behaviour of thermoformed potato protein plastics, a) Young’s modulus (E-474 

modulus) vs. thermoforming temperature, b) maximum stress (σmax) vs. thermoforming 475 

temperature, c) strain at break (εb) vs. thermoforming temperature. Error bars represent standard 476 

deviation. 477 

Figure 3. Protein solubility as measured by absorption at 210nm in SE-HPLC, a) total integrated 478 

absorption  vs. pressing temperature, b) absorption of low molecular weight (LMw) protein vs. 479 

pressing temperature,  c) absorption of high molecular weight (HMw) protein vs. pressing 480 

temperature.  All integration s are the sum of 3 extractions. Elution intervals; HMw fraction 8-14 481 

minutes, LMw fraction 14-30 minutes. Absorption normalized to total integrated signal for as-482 

received potato protein concentrate. Error bars denote standard deviation. 483 

Figure 4. Changes in representative SE-HPLC chromatograms with thermal processing, a) as-received 484 

potato protein concentrate (PPC), PPC with 25% glycerol pressed at; b) 100 oC, c) 150 oC, d) 190 oC. 485 

All extractions in SDS-phosphate buffer; extraction 1 - shaking 5 minutes, extraction 2 - 30s 486 

sonication, extraction 3 - 30 +60 seconds sonication. 487 

Figure 5. Relationships between Mw and tensile properties, a) effect of soluble HMw protein on 488 

strength (σmax), b) effect of soluble HMw protein content on strain at break (eb) (note the log-log 489 

axes). Error bars denote standard deviation. 490 

Figure 6. Effect of 24hr water immersion on PPC based materials, a) effect of processing 491 

temperature on mass gain due to swelling, b) mass loss due to soluble components and glycerol 492 

migration. Error bars denote standard deviation. 493 

Figure 7. ATR-FTIR spectra of thermoformed potato protein; a)  effect of increasing temperature, 494 

glycerol content 25%, b) ratio of absorbtion at 1623cm-1 (β-sheet) to 1652cm-1 (α-helix/disordered) 495 
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versus temperature (error bars denote one standard deviation, heights are baseline corrected from 496 

1700 to 1580cm-1), c) effect of increasing glycerol content, samples pressed at 170 oC. 497 

Figure 8. Small angle X-ray scattering of thermoformed potato protein concentrate based materials; 498 

a) effect of increasing temperature in pressed samples at a  glycerol content of 25%, b) effect of 499 

increasing glycerol content in samples pressed at 170 oC. 500 

Figure 9.  Schematic representation of potato protein processing and resulting structural 501 

rearrangement: a) native proteins in potato fruit water (PFW), 1; Potato carboxypeptidase A6 502 

(Protein Data Base (PDB) ID: 4CPA), 2; patatin7 (PBD ID: 1OXW), 3; potato serine protease inhibitor8 503 

(PDB ID: 3TC2), 4; potato multicystatin9 (PDB ID: 4LZ1), b) denaturation during industrial processing 504 

of PFW to potato protein concentrate (PPC), c) structural changes occurring during thermoforming 505 

of PPC based film (170 ⁰C, 30% glycerol) as observed in FT-IR, d) schematic representation of 506 

structure from SAXS. Note: b, and c were produced in I-TASSER and displayed in PyMOL as an 507 

illustration of secondary structural changes and are schematic representations only, they do not 508 

reflect actual PPC conformation. 509 
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Figure 5
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Figure 6
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