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ABSTRACT: Blood meal is a high protein, low value by-product of the meat processing industry that can be converted into a thermo-

plastic material by extrusion with a combination of a surfactant, urea, a reducing agent, water, and plasticiser. Changes in protein

structure after each processing step (mixing with additives, extrusion, injection molding, and conditioning) were explored using

synchrotron FTIR microspectroscopy. Blood meal particles were found to have higher b-sheet content around the perimeter with a

randomly structured core. a-Helices were either located near the core or were evenly distributed throughout the particle. Structural

rearrangement consistent with consolidation into a thermoplastic was seen after extrusion with processing additives, resulting in

reduced a-helices and increased b-sheets. Including triethylene glycol as a plasticiser reduced a-helices and b-sheets in all processing

steps. At all processing stages, regions with increased b-sheets could be identified suggesting blood meal-based thermoplastics should

be considered as a semicrystalline polymer where clusters of crystalline regions are distributed throughout the disordered material.
VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 359–369, 2013
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INTRODUCTION

Renewable alternatives to petrochemical polymers can be

produced by converting biomass sources into new polymers (e.g.,

PLA or PHA) or by modifying biopolymers to enable thermo-

plastic processing. Thermoplastic starch is available commercially

and thermoplastics have been produced from many proteins,

including wheat, soy, and sunflower from plants as well as gelat-

ine, keratein, casein, whey, and blood meal from animals.1 Blood

meal is a denatured protein by-product of the meat processing

industry produced by steam coagulation and drying of blood.

Treating blood meal with a combination of water, a protein

denaturant, a reducing agent and a surfactant produces a ther-

moplastic, which can be extruded and injection molded.2,3

Proteins in their native and denatured states typically contain

regions of secondary structures such as a-helices, b-sheets, and

random coils. Extrusion and injection molding of proteins

require chain rearrangement, implying changes to protein

secondary structure. This structural rearrangement is a major

challenge in developing protein-based thermoplastics.4 For proc-

essing, existing chain interactions in and between proteins must

be overcome using denaturants, reducing agents, surfactants,

and heating, forming a homogenous melt, followed by new

interactions forming during cooling to consolidate the molded

or extruded article.1,5 Although not exclusively the case, ther-

moplastic processing tends to increase b-sheet content at the

expense of a-helices.1 b-Sheets have stronger hydrogen bonding

interactions than a-helices, potentially creating stronger inter-

chain interactions and hence stronger materials. For example,

strong natural fibrous proteins such as spider silk are known to

have high b-sheet content. However, for some applications,

such as film blowing, higher helical contents have been shown

to be favorable.6

Not only is it of interest to determine what secondary structures

are present, but their spatial distribution is also relevant.

Dynamic mechanical analysis of blood meal based thermoplastics

suggests a semicrystalline character with some phase separation

after processing.7 Microcrystalline regions in synthetic polymers

can increase mechanical properties such as toughness, therefore

spatial secondary structure variation in proteins may mimic this.

Spatial resolution of protein secondary structures may determine

if there is separation into a-helix rich and b-sheet rich regions,

or plasticiser rich and protein rich phases. This will provide

insight into chain rearrangements induced by processing, and

may suggest future manipulations to improve properties.

FTIR is an established protein structure characterisation

technique, particularly useful for exploring changes in secondary
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structure.8 Determining absolute secondary structures (rather

than just relative change) with FTIR relies on several assump-

tions, which may not necessarily always be valid for proteins,

for example, that all structures absorb equally at the same con-

centration.9 Nevertheless, quantitative estimation of secondary

structures using the technique shows good agreement with

X-ray data.10,11

Synchrotron IR sources are typically 100–1000 times brighter

than conventional globar/thermal IR sources due to their highly

collimated nature and small effective source size.12,13 Very little

light from a globar source will pass through a 10 lm aperture,

whilst >80% of the light from a synchrotron source will, lead-

ing to much higher signal to noise ratios at high spatial

resolutions.12

Synchrotron based FTIR microscopy (S-FTIR) has been used

for spatial resolution of secondary structures in a variety of

agricultural protein sources including animal feeds and feather

proteins.9,13–15 Relative estimates of the ratio of a-helices and

b-sheets were able to be mapped, showing distributions across

plant tissues as well as differences between feed sources known

to have different digestibility. S-FTIR has also been used to

examine phase separation of biopolymer blends such as gelatin

with maltodextrin and quantification of peak intensities may

enable analysis of compositional fractions in situ.16

Protein FTIR spectra contain several regions relating to vibrations

along the polypeptide backbone. The amide I region (1600–1700

cm�1), occurring mostly due to C¼¼O bond vibration, is the

most commonly used for secondary structure determination.8

Stronger hydrogen bonds reduce electron density in the C¼¼O

bond, shifting its absorbance to lower wavenumbers. Different

secondary structures have different hydrogen bonding strength

leading to different characteristic absorbencies.8 In practice, the

amide I region is a convoluted peak, and techniques such as

Fourier self deconvolution or second derivative analysis (2DA)

are necessary to identify individual peak components.10

Although the amide I peak is typically the strongest absorbing

peak of proteins, it also overlaps with an absorbance band of

H2O. For this reason, dry proteins or proteins dissolved in deu-

terated water are typically used for analysis. A further complica-

tion is that urea absorbs strongly in this region, at wavenumbers

typically associated with b-sheets. As urea is used to prepare

thermoplastic protein from blood meal, it may contribute to a

perceived increase in b-sheets.17 The amide III absorbance

region (1200–1350 cm�1) is due to in phase NAH bending and

CAN stretching. Although, typically 5–10 times weaker than the

amide I region, the amide III region is also sensitive to struc-

tural changes, and not subject to interference from H2O18 nor

urea. Typical band assignments for protein secondary structures

are given in Table I.

The objective of this research was to determine if there was spa-

tial variation of protein secondary structures in blood meal and

blood meal-based thermoplastics. This was explored using FTIR

microspectroscopy at the Australian Synchrotron. Specifically,

changes induced by processing were evaluated, which should

demonstrate consolidation. The multiphase behavior implied

by dynamic mechanical thermal properties could then be corre-

lated with structural changes. Increased understanding of the

interdependent relationship between structures, properties, and

processing in thermoplastic protein may then suggest future

directions to enhance processing methods and improve resultant

material properties.

EXPERIMENTAL

Materials

Novatein thermoplastic protein (NTP) was prepared from the

reagents shown in Table II. Two variants were produced,

Table I. Band Assignments in Determination of Protein Secondary

Structures

Region Secondary structure
Band assignment
(cm�1)

Amide III18 a Helix 1295–1330

b-Turns 1270–1295

Random coils 1250–1270

b-Sheets 1220–1250

Amide I8 Antiparallel b-sheet/
aggregated strands

1675–1695

310-Helix 1660–1670

a-Helix 1648–1660

Unordered 1640–1648

b-Sheet 1625–1640

Aggregated strands 1610–1628

Table II. Materials Used and NTP Compositions

Composition g/100 g
blood meal (pphBM)

Reagent Source Grade V0 V2

Blood meal Wallace Corporation Agricultural 100 100

Urea Ballance Agrinutrients Agricultural 10 10

Water Produced on site from town supply Distilled 60 40

Sodium dodecyl sulfate Merck Technical 3 3

Sodium sulphite Merck Technical 3 3

Triethylene glycol Merck For synthesis 0 20
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differing in whether or not the plasticiser triethylene glycol

(TEG) was included in the formulation.

Experimental Design

Samples were prepared at different stages of processing starting

with blood meal up to a conditioned thermoplastic material, as

shown in Figure 1. Two formulations were used, with and with-

out TEG as an additional plasticiser (Table II). This resulted in

eight NTP sample types, in addition to blood meal. For each

sample type, a minimum of three rectangles were mapped.

Statistical Analysis. Analysis of variance (ANOVA) on second-

ary structure scores of the protein plastics were conducted in

Statistica version 10 (StatSoft).19 Data was filtered for a mini-

mum area under the amide I region to exclude points mapped

outside particle surfaces. A factorial experimental design was

followed (Table III) and ANOVA was used to assess the effects

of processing stage and the inclusion or exclusion of plasticiser

on secondary structure.

Methods

Mixing with Additives. Urea, sodium sulfite, and sodium do-

decyl sulphite were dissolved in distilled water at 50�C in the

ratios shown in Table II, and mixed with blood meal in a high

speed mixer for 10 min. If TEG was included, it was added after

the first 6 min blending.

Extrusion. Extrusion was performed using a ThermoPrism

TSE-16-TC twin-screw extruder with a temperature profile and

screw configuration as shown in Figure 2 using a screw speed of

150 rpm. Actual melt temperatures were within 2–5�C of the

set temperatures. The screw diameter was 16 mm, with an L/D

ratio of 25 and it was fitted with a single 10 mm diameter cir-

cular die. A relative torque of 60–75% of the maximum allowed

in the extruder was maintained (12 Nm per screw maximum)

by adjusting the mass flow rate of the feed. Extruded material

was granulated using a tri-blade granulator from Castin Ma-

chinery Manufacturer, New Zealand.

Injection Molding. Granulated extrudate was injection molded

into Type 1 tensile test specimens20 using a BOY-35A injection

molder with 24 mm screw (L/D ratio of 24). A temperature

profile of 100, 115,120, 120, and 120�C from feed zone to die, a

screw speed of 200 RPM and a mold locking force of 30 kN

were used. The mold was heated to 70�C using water and the

injection pressure was set to 1100 bar in profile sections zero to

four and 300 bar in sections 5–7.

Conditioning and Freeze Drying. Injection molded samples

were placed in a chamber kept at 23�C and 50% relative humid-

ity for 7 days. Apart from blood meal, which was already a dry

powder, all samples were dried over two nights in a FreezoneTM

2.5 L benchtop freeze dryer (Labconco Corporation, Kansas

City) set to auto mode (collector temperature �50�C, vacuum

< 11 Pa).

Synchrotron based FTIR

Data Collection. Spatially resolved FTIR experiments were

undertaken on the infrared microspectroscopy beamline at the

Australian Synchrotron, Victoria, Australia. Spectra were col-

lected using a Bruker Hyperion 3000 with an MCT collector

and XY stage using Opus 6.5 software (Bruker Optik GmbH

2009).Video images were captured of each sample and a mini-

mum of three representative grids (5 lm spot size) were

mapped on each. For each grid point, 32 spectra were collected

with a resolution of 4 cm�1 between 3900 and 700 cm�1 and

averaged. Data acquisition took � 11 s per grid point with the

subtracted background also rescanned every five points, plus

additional time for sample preparation and mounting.

For solid samples, microtomed ribbons were flattened between

two diamond cells removing the top of the cell for analysis. Sec-

tions 2 lm thick were cut using stainless steel blades (TBSTM)

on a TBS Cut 4060 RE microtome (TBSTM) lit by a microlight

150 (Fibreobtic Lightguides, Australia).

For powders, fine particles were chosen and flattened between

diamond cells. Initially, the top was also removed for analysis,

however this proved problematic as samples decompressed dur-

ing analysis. It was found that more reliable and cleaner spectra

were obtained from powders with the top cell left in place.

Figure 1. Samples prepared for synchrotron analysis.

Table III. Array Design for ANOVA of Effects of Processing and

Plasticizer Content

Without TEG With TEG

Pre-extrusion PNTP-V0 PNTP-V2

Extruded ENTP-V0 ENTP-V2

Injection molded INTP-V0 INTP-V2

Conditioned CNTP-V0 CNTP-V2
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Data Processing. Second derivative peaks in the amide III

region have previously been used for quantitative analysis of

protein secondary changes during mixing of gluten,21 demon-

strating their usefulness for analysis of changes in solid phase

mixtures containing non-native protein. Derivation offers two

main advantages: first, sloping baselines are removed without

the need for subjective corrections.22 This is advantageous for

grid maps where the baseline shape may not be constant

across the entire map. Second, spectral resolution of overlap-

ping bands is increased.22 This is advantageous for both the

amide I and amide III regions of proteins, which contain over-

lapping bands corresponding to different secondary structure

conformations.

There are two challenges in using 2DA for quantitative structure

determination: noise increases through the introduction of peak

side-lobes; and second derivative peak heights are sensitive to

the half width at half height (HWHH) of original peaks, with

narrower peaks giving higher second derivative peaks.23 This

has led to criticism of the reliability of determining protein

secondary structure composition using 2DA.24 However, if the

same calculation procedure is used for all samples and the same

peaks are of interest, relative differences can still be explored.23

Demonstrations using poly L-lysine and hemoglobin as model

proteins have shown that neither the side lobes nor HWHH

issues affected quantitative results using 2DA.24

The second derivative of the original spectra (with no baseline

correction) was determined using the Savitzky-Golay algorithm

in Opus 6.5 using nine point smoothing. The second derivative

was inverted by dividing by negative one and peak heights

above the zero line were compared. Spatial maps were drawn

using OPUS 6.5 based on the ratios A00
a=A

00
b, A00

t =A
00
b, and A00

r =A
00
b,

where A00
x is the maximum height of the inverted second deriva-

tive peak within the wavenumber range associated with a-heli-

ces, b-sheets, turns, and random coils (Table I) indicated,

respectively, by the subscripts a, b, t, and r. The molar fraction

for each secondary structure type was calculated using eqs. (1)–

(5) and spatial maps were drawn based on these compositions

using Microsoft Excel.

Figure 2. Extruder screw configuration and temperature profile.

Figure 3. Example spectra of ENTP V2 from a single 5 lm spot on a mapped grid.
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aþ bþ t þ r ¼ 1 (1)

b ¼ 1

A00
a=A

00
b þ A00

t =A
00
b þ A00

r =A
00
b þ 1

(2)

a ¼ b
A00
a

A00
b

(3)

t ¼ b
A00
t

A00
b

(4)

r ¼ b
A00
r

A00
b

(5)

The composition approximates a mole fraction of peptide link-

ages in each structural conformation, each of which absorbs

differently in the amide III region. Spatial maps of TEG distribu-

tion were constructed by comparing the area ratio of the peak at

1040–1090 cm�1 to the total area of the amide III region.

WAXS

Powder wide angle X-ray scattering (WAXS) was conducted

using a Phillips system running X’Pert Data Collector vs. 2.0b

and XPERT-MPD vs. 2.7 control software. A PW3373/00 Cu

LFF DK233995 X-ray tube was used at a voltage of 40 kV and

current of 40 mA, which provided X-rays with a wavelength of

1.54 Å. Samples were scanned from 2h ¼ 2�–60� at 0.020� steps.

As well as analysing the sample types taken to the Synchrotron

in powder form, conditioned plastics were ground and then

freeze dried for WAXS.

RESULTS AND DISCUSSION

Classification of Peaks and Ratio of a-Helices to b-Sheets

A typical FTIR spectra from the protein plastic is shown in

Figure 3 along with an inverted second derivative in the amide

III region demonstrating the resolution of this region into four

peaks. Based on assignments in literature these were taken to

represent a-helices, turns, random coils, and b-sheets in order

of decreasing wave number.18,21 It should be emphasised that

Figure 3 only represents one 5 lm spot on one sample of the

plastic. Changes in the relative heights of these peaks could be

used as a comparison reflecting relative differences in protein

secondary structure spatially across a sample (Figure 4).

Figure 4. Representative maps showing second derivative peak height

ratios (a-helices/b-sheets) for (A) Blood meal, (B) PNTP V0, (C) ENTP

V0, (D) INTP V0, (E) CNTP V0, (F) PNTP V2, (G) ENTP V2, (H) INTP

V2, and (I) CNTP V2. All maps have been drawn at the same scale and

intensity scale. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Maps of second derivative peak height ratios in ENTP V2. From left to right: a-helix/b-sheet, turn/ b-sheet, and random coil/b-sheet. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Comparison of peak height ratios across a map, rather than

actual peak height, has the advantage of correcting for any

differences in thickness.13 Such a method has been used in

conjunction with S-FTIR to compare ratios of a-helices and

b-sheets in a variety of agricultural protein sources including

animal feeds and coproducts of biofuel production.13–15

The ratio of a-helix to b-sheet peak height was typically well

below one, suggesting that there are more b-sheets than helices.

Although the main proteins in bovine blood (haemoglobin and

bovine serum albumin) are known to have helical structures, a

higher proportion of b-sheets is consistent with thermal aggre-

gation during blood meal production. In blood meal and pre-

processed material, the regions with the highest helical content,

relative to b-sheets, are in the centre of particles (Figure 4). It is

worth noting that extrusion caused drastic changes in the

appearance of the spatial maps, but the material looks similar

Figure 6. Representative maps showing fractional secondary structure for (A) Blood meal, (B) PNTP V0, (C) ENTP V0, (D) INTP V0, (E) CNTP V0,

(F) PNTP V2, (G) ENTP V2, (H) INTP V2, and (I) CNTP V2. All maps have been drawn at the same distance and intensity scale. Each pixel represents

a 5 lm spot and the shading represents the relative composition calculated from the inverted second derivative spectra.
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after injection molding and conditioning. After processing, there

is reduced overall helical content relative to b-sheets, but there

was still spatial variation with regions showing a higher ratio of

a -helices than other portions of the same map. Although this

suggests some structural changes are caused by extrusion,

thermoplastic protein is better thought of as a four component

system comprised of helices, sheets, random coils, and turns.

Limiting analysis to the ratio of a-helices to b-sheets does not

make the distinction between whether the effect of processing is

to decrease helices, increase sheets, or both. The ratio of ran-

dom coils to b-sheets and of turns to b-sheets were also found

to vary spatially across each map (Figure 5) showing that varia-

tions in these also need to be taken into account.

Changes in Fractional Composition

Figure 6 shows maps of fractional composition calculated from the

second derivative peak height ratios for representative grids for

each sample. While Figure 6 only shows a single mapped rectangle

for each sample type, a minimum of three maps were scanned for

each, visually inspected, and included in the statistical analysis.

Both a-helices and b-sheets are ordered structures whereas random

coils and turns are have been grouped together to represent the dis-

ordered amorphous fraction. When viewed in this way, it is appa-

rent that the variation in a-helix/b-sheet ratio seen in Figure 4 was

partly caused by clusters of helix rich regions, higher amounts of b-

sheets near blood meal particle edges, and a more disordered parti-

cle core. Processing additives induced some chain rearrangement in

blood meal prior to extrusion. This is important as protein cross-

linking (physical and chemical) fixes chains in place, preventing

thermoplastic flow during heating. The additives disrupted cross-

linking and the chain rearrangements observed here demonstrates

that disruption occurred prior to extrusion.

Results from a factorial ANOVA, considering the effect of both

formulation and processing stages, are shown in Table IV and

Figure 7. Formulation, processing and their interaction were

significant at >99% confidence level for all four structures. For-

mulation had the greatest percentage contribution to the

Table IV. ANOVA Results for Effect of Formulation and Processing on Fractional Secondary Structure

Helix Turn Random coil Sheet

Factor DOF F Contrib. F Contrib. F Contrib. F Contrib.

Formulation 1 730 15 % 207 6 % 4454 53 % 4175 43 %

Processing 3 244 15 % 41 3 % 184 7 % 781 24 %

Formulation � Processing 3 17 1 % 59 5 % 48 2 % 11 0.3 %

Error 3236 69 % 86 % 38 % 32.7 %

Total 3423 100 % 100 % 100 % 100 %

Helix/sheet ratio Turn/sheet ratio Random coil/sheet ratio

Factor DOF F Contrib. F Contrib. F Contrib.

Formulation 1 56 1 % 401 10 % 2557 37 %

Processing 3 383 25 % 82 6 % 364 16 %

Formulation � Processing 3 55 4 % 71 5 % 27 1 %

Error 3236 70 % 79 % 46 %

Total 3423 100 % 100 % 100 %

Figure 7. ANOVA means results demonstrating effect of formulation and processing on mean compositions. (A) Formulation V0 (no TEG) and (B) for-

mulation V2 (with 20 pphBM TEG).
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amount of random coils and b-sheets, but processing also had a

reasonable contribution to b-sheets. By comparing the means

shown in Figure 7, going from prepared to an extruded material

had a greater effect than subsequent injection molding and con-

ditioning. Without TEG, addition of processing additives led to

an increase in b-sheets, whereas including TEG with the addi-

tives increased disordered structures. After thermal processing,

the samples with TEG continue to have more disordered struc-

tures and less b-sheets than samples without TEG. This effect

was not apparent when simply looking at the a-helix/b-sheet ra-

tio in Figure 4. Similarly, the ANOVA showed only a 1% contri-

bution to the a-helix/b-sheet ratio, but larger contributions to

both the individual helix and sheet content were observed.

The error terms for each structure showed that there was some

variability not accounted for by the tested factors. In other

words, although the means were significantly different between

groups, there was still considerable variability within groups. This

variability within groups was quantified in terms of standard

deviation and quartiles within each sample type (Table V). In

some cases, the difference between the upper and lower quartile

within a sample was greater than the difference between the

means between sample types. When considering this in conjunc-

tion with what is observed in Figure 6, it can be concluded that

there was variation in secondary structure at different points

within plastic sample as extreme as the difference in average

composition before and after extrusion. A T-test between the

highlighted subsections of each rectangle shown in Figure 6 and

the rectangles themselves showed that regions of adjacent points

could be identified with a significantly different composition to

the map’s average. The P-values obtained are shown in Table V.

For each sample type, a region could be identified with a signifi-

cantly different (P < 0.05) fractional content of at least two

structure types (alpha helices, b- sheets, or disordered structures).

Table V. Summary Statistics

Fractional Composition of Each Structure T-Test Results

Mean Std. dev
Lower
quartile Median

Upper
quartile

Rectangle
mean

Subset
mean P-value

a-Helices

SBM 0.24 0.06 0.19 0.23 0.28 0.26 0.30 0.15

PNTP V2 0.20 0.07 0.15 0.19 0.24 0.17 0.14 0.00

ENTP V2 0.15 0.03 0.14 0.15 0.17 0.15 0.17 0.00

INTP V2 0.14 0.03 0.12 0.14 0.16 0.14 0.14 0.74

CNTP V2 0.14 0.03 0.12 0.14 0.16 0.14 0.11 0.00

PNTP V0 0.23 0.04 0.20 0.23 0.26 0.24 0.28 0.03

ENTP V0 0.21 0.04 0.18 0.21 0.24 0.21 0.21 0.99

INTP V0 0.19 0.03 0.16 0.19 0.21 0.19 0.19 0.57

CNTP V0 0.18 0.04 0.15 0.18 0.21 0.19 0.20 0.34

b-Sheets

SBM 0.35 0.09 0.29 0.36 0.41 0.30 0.23 0.01

PNTP V2 0.28 0.07 0.23 0.29 0.33 0.31 0.31 0.63

ENTP V2 0.36 0.04 0.33 0.36 0.39 0.35 0.32 0.00

INTP V2 0.39 0.05 0.36 0.39 0.43 0.39 0.42 0.00

CNTP V2 0.40 0.05 0.37 0.40 0.43 0.41 0.39 0.30

PNTP V0 0.41 0.06 0.37 0.41 0.45 0.46 0.39 0.00

ENTP V0 0.50 0.05 0.47 0.51 0.54 0.48 0.51 0.02

INTP V0 0.54 0.04 0.51 0.54 0.57 0.54 0.52 0.01

CNTP V0 0.51 0.07 0.46 0.51 0.56 0.48 0.52 0.04

Disordered structures

SBM 0.41 0.09 0.35 0.40 0.47 0.43 0.47 0.09

PNTP V2 0.52 0.08 0.47 0.52 0.57 0.52 0.56 0.01

ENTP V2 0.48 0.04 0.46 0.48 0.51 0.49 0.51 0.19

INTP V2 0.46 0.04 0.44 0.46 0.49 0.46 0.44 0.00

CNTP V2 0.46 0.04 0.43 0.46 0.49 0.45 0.49 0.00

PNTP V0 0.36 0.07 0.32 0.36 0.40 0.30 0.34 0.11

ENTP V0 0.29 0.06 0.25 0.29 0.32 0.30 0.28 0.04

INTP V0 0.27 0.05 0.24 0.27 0.30 0.27 0.30 0.01

CNTP V0 0.30 0.07 0.25 0.31 0.36 0.33 0.28 0.02
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TEG Distribution

Spectra for samples with TEG showed a peak between 1040 and

1090 cm�1, which was not present in samples without TEG.

This peak was thought to be due to the C-OH functional

groups in TEG. The ratio of this peak area to the amide III

peak (baselines drawn across the bottom of each peak) was

taken as representative of variations in TEG concentration

across the sample. Variation in this ratio was seen in the sam-

ples, suggesting the presence of TEG rich regions and TEG poor

regions (Figure 8). In PNTP, the centre of a large particle was

relatively TEG poor compared with the perimeter suggesting

TEG was unable to diffuse into the centre. After extrusion,

regions of high TEG concentration suggested some heterogene-

ity. Injection molding appeared to have led to a finer dispersion,

with heterogeneity returning after conditioning.

WAXS

WAXS for blood meal showed a sharp peak at s ¼ 1.3 Å�1, cor-

responding to a d-spacing of 4.8 Å, and another peak at about s

¼ 0.6 Å�1, corresponding to a d-spacing of 10.5 Å (Figure 9).

Peaks corresponding to these distances are commonly seen in

WAXS patterns of proteins and have alternately been described

as corresponding to b-sheet structures or a-helix structures.25

Both of these were reduced dramatically in pre-processed mate-

rial with TEG, but less so when TEG was absent. Protein sec-

ondary structures are stabilized by hydrogen bonding interac-

tions along the main chain (a-helices) or between adjacent

chains (b-sheets). TEG contains function groups capable of

hydrogen bonding, so it is reasonable to expect some disruption

to secondary structure as protein-plasticiser interactions replace

protein-protein interactions. A d-spacing of 4–5 Å corresponds

to regular distances within structures, while a d-spacing of

about 10.5 Å corresponds to interstructure packing (either

stacked b-sheets or adjacent helices). That both peaks decrease

in size with TEG supports observations from FTIR that TEG

reduced overall a-helix and b-sheet content, and disrupted tight

packing. Comparison of preprocessed material with ground

conditioned material showed little difference within each formu-

lation, and the difference between the two formulations was

pronounced at both processing steps.

Figure 8. Spatial distribution of TEG in NTP. Representative maps of (A)

PNTP, (B) ENTP, (C) INTP, and (D) CNTP. All four maps are on the

same distance and intensity scale. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 9. WAXS plots for (A) blood meal, (B) PNTP V0, (C) CNTP V0, (D) PNTP V2, and (E) CNTP V2.
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Proposed Model for Structural Changes

Blood meal predominantly contains a uniform dispersion of

helical structures and turns. Some blood meal particles sug-

gested there were more a-helices in the centre, but this was not

consistent throughout all particles tested. A higher concentra-

tion of b-sheets was consistently observed toward the edge of

particles and a higher proportion of random coils in the middle

of particles. Two aspects of blood meal production may contrib-

ute to this. Blood meal production involves coagulation fol-

lowed by steam drying. The coagulation step may force hydro-

phobic side chains to aggregate, with hydrophilic regions still

facing outward. These hydrophobic side group interactions then

result in a random coil structure, rather than forming a-helices

and b-sheets by hydrogen bonding. Additionally, cysteine–cyste-

ine crosslinking is known to occur at elevated temperatures and

may further stabilize the coagulated conformation. As additional

heat is supplied and water is evaporated, b-sheet aggregation

may then occur as water is removed from the hydrophilic

regions at the edges of the coagulated particle. A second, alter-

native explanation is that b-sheets, being more crystalline, may

be more brittle than random coils, and breakages may occur at

these brittle regions when blood meal passes through a hammer

mill at the end of blood meal production.

Transformation of blood meal into a thermoplastic involves

the addition of urea to disrupt hydrogen bonding, sodium

dodecyl sulfate to disrupt hydrophobic interactions and

sodium sulfite to disrupt cysteine–cysteine crosslinkages. This

destabilizes the side chain interactions in the disordered core,

allowing formation of additional b-sheets prior to extrusion in

the formulation without TEG. With TEG, an increase in disor-

der and a decrease in a-helices were observed. This observa-

tion can be explained by the presence of TEG contributing

additional free volume and preventing new tightly packed

interactions from occurring necessary for forming additional

b-sheets. This is further supported by WAXS, which revealed

that the tight packing of secondary structures observed in

blood meal was preserved without TEG, but was reduced with

it. A schematic of the changes thought to be occurring is

shown in Figure 10.

The next transformation involves applying heat and shear in

an extruder. This causes radical chain rearrangements necessary

for consolidation of individual particles into a continuous

extrudate. On an average structure level, this leads to an

increase in b-sheets and reductions in both random coils and

a-helices. More b-sheets were seen without TEG than with it,

although both formulations showed evidence of spatial varia-

tions in their distribution. A decrease in turns suggested inter-

molecular b-sheets were formed rather than b-sheets consisting

of chains folding back on themselves. Together, this suggests

chain unravelling during heating and reformation of b-sheets

Figure 10. Schematic of proposed model for changes in structural dispersion as blood meal is processed into a thermoplastic.
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upon cooling, with some nucleation effects potentially leading

to variations in b-sheet concentration across maps.

Injection molding involves heating to rearrange chains and allow

them to flow under pressure. However the transformation from

extruded to injection molded material was not nearly as drastic

as what occurs when first extruded. Average composition did

change slightly in favor of b-sheets, but the spatial map of

b-sheet concentration looked comparable between extruded and

injection molded samples. The slight effect of this second heating

and cooling cycle confirmed the thermoplastic nature of NTP.

Conditioning was the final processing step in producing NTP

test pieces and was included because NTP is hydrophilic and

moisture sensitive. Changes in macroscopic properties such as

tensile strength and glass transition temperature have previously

been observed after conditioning.7,26 Average secondary struc-

ture and the spatial distribution thereof appeared to change

little between unconditioned and conditioned injection molded

samples suggesting the changes in macroscopic properties were

mostly due to changes in moisture content, rather than

reformation of a-helices and b-sheets.

CONCLUSIONS

Blood meal-based thermoplastics should be considered as a

semicrystalline polymer consisting of clusters of crystalline

regions of a-helices and b-sheets distributed throughout a ran-

domly coiled protein structure. The additives used to process

blood meal into a thermoplastic caused structural rearrange-

ment implying cysteine–cysteine crosslinking between protein

chains was disrupted and chain mobility has increased. Extru-

sion caused drastic structural rearrangement, resulting in a

more uniform structure implying consolidation had occurred.

In blood meal particles, b-sheets were concentrated around the

perimeter of particles, while in extruded and injection molded

materials, b-sheet rich regions were distributed evenly through-

out a more disordered matrix. Including TEG as a plasticizer

reduced a-helices and b-sheets and increased the amount of dis-

ordered protein chains at each processing stage. These findings

are consistent with earlier work, which indicated that NTP

exhibited multiphase behavior beyond simple plasticizer separa-

tion. The results also suggest that if these structures and the dis-

tribution thereof can be manipulated, material properties could

potentially be tailored for different applications.
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