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ABSTRACT

Novel bio-aerogels produced via the gelation of protein extracts from canola seed

meal (CSM) are described for the first time, representing a new class of advanced

materials that are derived from plant-based biotechnology. The bio-aerogels were

synthesised by firstly manipulating the pH of the protein solution to form a gel,

followed by freeze drying to form an aerogel with an average pore size and density

of 75 lm and 0.13 g cm-3, respectively. The resulting protein-based structures

were observed to have pores sizes down to the meso-scale. The mechanical

behaviour of CSM-derived protein aerogels was investigated using static com-

pressive testing. The average compressive elastic moduli and strength of the

aerogels were 0.97 ± 0.32 MPa and 0.055 ± 0.011 MPa, respectively. The CSM-

derived protein aerogels had compressive mechanical properties up to 196% of soy

protein composite aerogels. The mechanical properties could also be manipulated

by altering the pH and temperature during gelation. Gels held at ambient tem-

perature during processing were revealed to have the highest elastic moduli

(2.0 ± 0.6 MPa) and compressive strength (0.096 ± 0.014 MPa) at a pH of 8. In

contrast, gels that were heated at 90 �C demonstrated the highest compressive

modulus and strength at a pH of 10 (133% and 140%, respectively, as compared to

the gel at pH 8 prepared at ambient temperature). The tunability of the mechanical

properties using simple aqueous chemistry suggests this novel system of bio-

aerogels has potential uses in a range of food and biopharmaceutical applications.

Introduction

Aerogels are a unique class of advanced materials

that are synthesised to be highly porous, leading to a

combination of ultra-low density and exceedingly

high surface area [1]. An aerogel is formed when the

liquid phase within the pores of a gel (inorganic or

organic) is replaced with air, without significant

shrinkage of the pore structure [2]. The resulting low-

density structure of aerogels leads to many techno-

logically interesting applications due to the high
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specific surface area (600–1000 m2 g-1 [3]) and

strength (0.6–2.2 MPa (kg m-3)-1 [4]) of aerogels.

Most aerogel properties are a direct consequence of

the micro- and meso-porosity of the gels, where pores

are classified according to size (macro-pores are[
50 nm, meso-pores 2–50 nm, and micro-pores\ 2

nm in width).

Various organic materials (e.g. synthetic or bio-

based polymers, and proteins) have been shown to

form an aerogel or aerogel-like structure [5–7].

Recently, the unique properties of both bio-based

polymers (biodegradability, biocompatibility, bioac-

tivity, etc.) and aerogels have prompted investigation

into potential synergistic effects with the develop-

ment of bio-aerogels. For example, biocompatible

aerogels with specific porosities are effective cell

scaffolds in tissue engineering applications [8]. Other

bio-specific applications where biopolymers offer an

advantage due to digestibility include drug delivery

[9] and food science [10]. Aerogels produced from

more sustainable precursors are also a strong driver

in this field [7]. Bio-aerogels based on polysaccha-

rides are a popular choice due to the natural abun-

dance of the raw materials and the ability to use both

raw material (polymeric) and the molecular (mono-

meric) feedstocks in the production of the aerogels

[7]. These bio-aerogels are demonstrating potential in

further fields of application such as environmental

remediation [11]. In contrast, the conversion of pro-

teins into bio-aerogels has received little attention.

However, the potential use of proteins as a precursor

material for bio-aerogels is of interest due to the (1)

abundance of biomass-derived proteins available

globally [12], (2) gel-forming characteristics of pro-

teins, and (3) chemical functionality of proteins.

Proteins obtained as co-products from food process-

ing are particularly promising sources of raw feed-

stocks for bio-based materials [13]. Certain

polysaccharides are chosen for their functional sur-

face groups (e.g. amino groups on chitosan) [14];

however, the presence of functional groups in amino

acids (e.g. thiol, hydroxy, amine, amide and carboxy

groups) suggests that proteins may have extended

chemical functionality over their polysaccharide

counterparts. Indeed, enzymes have been preserved

during formation of aerogels, and the resulting

aerogels retained the functionality of those enzymes

[15]. Functionalising protein aerogels with inorganic

particles has also been demonstrated and paves the

way for possible applications in bio-catalysis and bio-

detection [16]. Similar to polysaccharide aerogels,

protein-based aerogels are also candidates for drug

or nutrient delivery and are of particular interest as

tissue scaffolding materials due to macro-porous

morphologies [17]. The inherent gelation capacity of

certain proteins [18] facilitates processing of aerogels

by removing the need for added crosslinkers. Despite

these promising attributes, there are limited exam-

ples of protein-based aerogels in the literature, with

the bulk of these derived from animal sources (e.g.

egg protein [19], milk protein [20], silk [21], and col-

lagen [22, 23]). Reports on the use of plant-derived

proteins in aerogels in the literature are scarce (e.g.

soy protein) [24].

Bio-aerogels derived from new sources of protein

have the potential to broaden the range of precursors

and functional properties. Here, proteins extracted

from Brassica napus canola seed meal (CSM) are used

to produce a new range of bio-aerogels via a facile

aqueous-based, freeze-drying process. The motiva-

tion for extracting proteins from CSM for bio-aerogels

is due to their abundance as a co-product of canola oil

[25] and tendency for gelation [26]. Cruciferin and

napin are known to be the two major protein con-

stituents of extracts from B. napus seed meal, and it is

known that cruciferin contributes towards gelation in

canola protein isolates [25]. Cruciferin is a 300–350-

kDa polypeptide with six subunits arranged as two

large trimers held together predominantly by non-

covalent bonding such as hydrophobic, electrostatic,

and hydrogen interactions [27]. These interactions

can be modified through extrinsic processing such as

pH changes and energy sources to promote inter-

molecular interactions and subsequent gelation [28].

Proteins have a variety of chemical functional groups

including amine groups (–NH2), carboxyl groups

(–COOH), hydroxyl groups (–OH), aromatic rings,

and sulphhydryl groups (–SH), and these can all

participate in protein–protein interactions during

gelation. Cruciferin gelation is stabilised by hydrogen

bonding and hydrophobic interactions with some

contribution from disulphide bridging [29]. Prelimi-

nary assessments of the morphological and mechan-

ical properties of the resulting canola protein bio-

aerogels are reported to investigate potential

applications.
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Experimental procedures

Experimental materials

Canola seed meal (CSM) was sourced from B. napus

(Pure Oil NZ Limited, Rolleston, New Zealand).

N-hexane, sodium hydroxide pellets (98.5–100%),

hydrochloric acid (36.5–38%), and methanol (99.9%)

were obtained from Thermo Fisher Scientific (New

Zealand). Tris(hydroxymethyl)aminomethane (Tris),

dithiothreitol (DTT), urea, sodium dodecyl sulphate

(SDS), acetic acid, ethanol (absolute), ammonium

sulphate, and phosphoric acid were obtained from

Merck (New Zealand). Bromophenol blue and glyc-

erol were obtained from Bio-strategy (New Zealand).

SDS concentrate buffer (0.25 M Tris, 1.92 M glycine,

1% SDS), 4–20% CriterionTM TGXTM precast gel,

Coomassie blue stain G250, and Precision Plus Pro-

teinTM Standards were obtained from Bio-Rad (New

Zealand). All solutions were prepared using reverse

osmosis (RO) water (resistivity 18 MX) from a Milli-

Q water purification system.

Protein extraction

Canola proteins were extracted from CSM using an

alkali-acid extraction method adapted from Klocke-

man et al. [30] Firstly, 250 g of CSM was rinsed in

500 mL of hexane to remove residual oil. After dry-

ing, 200 g of the CSM was suspended in 2 L of a 0.4%

NaOH solution (at 10% w/v ratio) and agitated for at

least 1 h. The solubilised protein was separated from

the insoluble fraction using centrifugation at

18520 9 g for 30 min. The protein extract was then

precipitated by the addition of 2 M HCl until a pH of

3.5 was attained. The precipitate was isolated via

centrifugation at 18520 9 g for 30 min, followed by

freeze drying.

Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE)

The recovered protein extract was then analysed by

SDS-PAGE using a 4–20% CriterionTM TGXTM precast

PA-gel (Bio-Rad) and a 0.025 M Tris, 0.192 M glycine,

0.1% w/v SDS buffer (Bio-Rad). Protein extract

samples were solubilised in electrophoresis buffer

(6 M urea, 0.062 M Tris, 6% DTT, 10% glycerol,

0.001% bromophenol blue, 2% SDS, pH 6.8) at a

concentration of 6.67 mg mL-1 and heated in boiling

water for 4 min. The electrophoresis tank was pre-

pared with 10 9 diluted SDS buffer (final concen-

tration 0.025 M Tris, 0.192 M glycine, 0.1% w/v SDS,

pH 8.3) and the PA-gel. Five micro-litres of dena-

tured extract samples was then loaded onto the gel

alongside a Precision Plus ProteinTM Standards (Bio-

Rad) molecular weight marker. Electrophoresis was

carried out at 200 V, 0.08 A, 15 W for 45 min. The gel

was then immersed in a fixing reagent (10% acetic

acid, 40% water, 50% ethanol) for 30 min and then

stained using Coomassie Brilliant Blue G-250 solution

(16.6% w/v ammonium sulphate, 0.166% w/v Coo-

massie Brilliant Blue G-250, 16.6% v/v phosphoric

acid, 33.3% v/v methanol) overnight and finally

destained using RO water and lint-free tissues.

Preparation of bio-aerogels

The dried extract powder was dispersed in Milli-Q

water to a final concentration of 10 wt.% (unless

otherwise stipulated) and with pH values of 6.0, 7.0,

8.0, 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, and 12.0. The pH of

the CSM extract dispersions was adjusted using 2 M

NaOH or 2 M HCl solutions. Following adjustment

of the pH, a selection of dispersions was also heat-

treated in a water bath at temperatures of 60, 70, 80,

or 90 �C for 30 min. The aqueous protein dispersions

were then mixed until homogenous, followed by

brief sonication to remove air bubbles. The homoge-

nous dispersions were then transferred to 15 mL

FalconTM Conical Centrifuge Tubes (15.0 mm Ø (in-

ternal)) in approximately 8 mL aliquots per tube and

stored at - 80 �C for at least 12 h prior to freeze

drying in a Dura-Dry MP manifold dryer (FTS Sys-

tems) at 30 to 50 mTorr and room temperature. The

resulting aerogels have estimated Brunauer–Emmett–

Teller (BET) specific surface areas in the order of

0.8 m2 g-1 based on the measurement of one sample

prepared at a pH of 10 and at 25 �C. Low specific

surface areas (\ 5 m2 g-1) are expected in freeze-

dried aerogels [20], and similar results are reported

for the BET surface areas of another freeze-dried,

protein aerogel (1.7–3 m2 g-1) [31]. Further mea-

surements of BET surface areas in CSM protein

aerogels are the focus of ongoing studies.

Materials characterisation

The bulk density of the aerogels was determined

from measurements of the volume and mass. Vernier
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callipers were used to measure the average diameter

and height (n = 3) of the cylindrical specimens

(± 0.01 mm). A microbalance was used to weigh the

aerogel specimens (Mettler Toledo AB204, ±

0.001 g).

The structure of the canola aerogel was imaged

using a SkyScan 1172 micro-computed tomography

scanner (Bruker-microCT, Kontich, Belgium) at 34 kV

and 210 lA producing 2400 images at 15.18-lm res-

olution. Reconstruction procedures (NRecon version

1.6.10.2 software, Bruker-microCT) produced axial

cross sections (Supporting Information) and a 3-di-

mensional reconstruction of the specimen.

The microstructure of the aerogels was charac-

terised using a Hitachi TM3030 Plus scanning elec-

tron microscope (SEM) (magnifications\ 2000 9)

and a JEOL JSM 7000F SEM (magnifications[
2000 9). Specimens were sputter-coated with gold to

a thickness of 100 Å (DSR1 Desk Sputter Coater

(Nanostructured Coatings Co.)) prior to secondary

electron imaging. Specimens were imaged using an

accelerating voltage of 15 kV (JSM 7000F) or 5 kV

(JSM-IT300). Micro-structural features were quanti-

fied by image analysis using Fiji Image J image pro-

cessing software [32].

Mechanical properties

The mechanical properties of the aerogels were

measured in compression using a universal electro-

mechanical testing system (Model 4204, Instron,

Norwood USA) equipped with a 100 N load cell.

Each batch of aerogels gelled at ambient temperature

allowed for the production of 5 monolithic speci-

mens, allowing for the preparation of 10 replicate test

specimens for each pH condition. In the case of heat-

treated gels, only one viable batch was produced,

resulting in one monolith per pH per temperature

value which allowed for two specimens in mechani-

cal tests (n = 2). Cylindrical specimens (11–13 mm Ø,

h = 15–20 mm) were cut from the monoliths using a

surgical scalpel blade (Swann-Morton No. 10). Spec-

imens were compression-tested using a constant

crosshead speed of 1 mm min-1. Specimens were

compressed until the load cell limit was reached

(C 80% strain). Compressive stress–strain plots were

determined from the load–displacement data. The

average and standard deviation (n = 10 or 2) of the

elastic modulus (E) and yield strength (ry) of the

aerogels were determined.

Results and discussion

CSM protein extract for bio-aerogel
manufacture

The quantity of protein extract obtained from the raw

CSM was 14% of the total dry weight. This equates to

35% of the available protein in the meal, assuming

40% protein content [27]. A yield of 35% available

protein is consistent with use of the alkali-acid

extraction technique, where 30% of total protein is

typically extracted from one fraction [25]. Multiple

repeats of the protein extraction were shown to con-

sistently produce the same bands in SDS-PAGE

analysis. The major protein bands of this extract

were: 28.5, 25.5, 20.5, 18, 16.5, and 9.5 kDa (Fig. 1). All

bands were analysed for protein identification using

liquid chromatography–mass spectrometry (LC–MS),

and the extract was found to be predominantly

composed of cruciferin protein. Ten of the fourteen

bands analysed were exclusively composed of cru-

ciferin polypeptides, while three of the remaining

bands were largely cruciferin polypeptides (Sup-

porting Information). It is known that cruciferin

forms gels more readily, producing stronger gels

compared with the other proteins in CSM [33]. The

cruciferin content in the extracted proteins was

expected to be beneficial for gelation of the extract.

Hence, the alkali-acid extraction technique used here

appears to be suitable for preparing the CSM as a

precursor for synthesis of aerogels.

Processing-structure relationships of CSM-
derived protein-based aerogels

Wet-gel processing

The pH of the formulation was critical to the forma-

tion of stable gels and subsequent aerogels. Wet gels

prepared at a pH of 8 form the most viscous wet gels

and gel more rapidly than other pH values at ambi-

ent temperatures. Gels prepared with a pH of 8 to 9.5

did not flow upon inversion of the gel given sufficient

gelation time. The suspension becomes more trans-

parent and flows upon inversion at a pH greater than

9.5. Low pH values (pH = 3–6) result in the CSM

extract powder not completely solubilising, and it

does not gel (Fig. 2a). Interestingly, at extremely low

pH (pH = 2) the CSM extract appears to be soluble

and will form a viable aerogel after freeze drying (not

J Mater Sci (2020) 55:4848–4863 4851



shown). Despite the variable viscosity of the wet gels,

all alkaline pH values from 7 and above formed

viable aerogel structures once dried. However, sus-

pensions of CSM extract at acidic pH values (3–6),

Figure 1 SDS-PAGE analysis

of canola seed meal extracts

1–3 (a) and 4–9 (b) with

molecular weight standards

from 10 to 250 kDa. Batch

numbers are annotated at the

top of the corresponding lane,

and lanes containing the

molecular weight marker are

annotated with the letter ‘M’.

Figure 2 CSM protein extract

in water (10 wt.%) (a–d) and

freeze-dried aerogels (e–h) at

pH 6 (a, e), pH 8 (b, f), pH 10

(c, g), and pH 12 (d, h).
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notably near the isoelectric point (3.5) of the extracts,

did not form aerogel monoliths but rather crumbled

to powders upon freeze drying (Fig. 2e). The dried

CSM gels formed golden-brown monolithic aerogels.

The monoliths largely retained the cylindrical and

conical shape of the FalconTM tubes from within

which they were formed, although accompanied

by * 10–20% shrinkage (Fig. 2f–h).

Aerogel microstructure

Generally, the porosity of an aerogel is classified

according to pore size (or width) such that macro-

pores, meso-pores, and micro-pores are[ 50 nm,

2–50 nm, and\ 2 nm in width, respectively. The

pore morphology is a critical factor that largely

determines the suitability of an aerogel in a specific

application. For example, the thermal insulation

afforded by an aerogel is maximised when the pore

size of the aerogel lies in the meso-porous range [34].

Typically, protein-based aerogels have low fractions

of meso- or micro-pores, with a tendency for their

structures to be dominated by macro-pores, often

attributed to freeze drying [20]. Pore morphology of

aerogels is governed by both the gelation mechanism

and the drying technique used to remove the solvent

[7]. CSM protein aerogels examined by X-ray micro-

tomography (l-CT) were also found to mainly exhibit

macro-porosity following a freeze-drying processing

route (Fig. 3). Interestingly, the porosity observed in

the CSM protein aerogels was largely found to be

organised in layers of elongated macro-pores that

range in width from 30 to 200 lm and from 100 lm to

over 3000 lm in length. The layered macro-pores are

distinct from the much smaller macro-pores (1–10 lm
diameter) and possible meso-pores (\ 50 nm) that

occur sparsely within the matrix of the aerogel.

Three-dimensional reconstruction of the l-CT
images reveals a value of 52.6% porosity in the entire

specimen as calculated from the binarised images at

15-lm resolution. Considering the density of the

specimen was 0.12 g cm-3 and the theoretical density

of a dried, 10 wt.% CSM protein aquagel is

0.10 g cm-3, then the total porosity of the sample is

estimated at 88%. The finding of approximately 53%

porosity in the l-CT 3D reconstruction indicates that

approximately 35% of the porosity can be found in

pores of less than 15 lm in size.

The macro-pores change in shape and size in dif-

ferent locations within the aerogel with the average

sample containing macro-pores ranging from 50 lm
near the core up to 125 lm in width near the surface

(average 75 lm). The macro-pores also demonstrate

localised regions of anisotropy (Figs. 3, 4) attributed

to unidirectional growth of ice crystals during the

freezing process [35]. The walls of the macro-pores

range from 1 to 20 lm in thickness with an average of

6 lm. An increase in the density of the aerogel was

observed with an increase in protein concentration.

Changes in density were also reflected in changes to

the layered morphology where the average spacing

between macro-pores decreased from 150 to 40 lm
with an increase in protein concentration from 3 to 15

wt.% (Fig. 4a–c). Remarkably, changes in the pH did

not change the average spacing between the macro-

pores (Figs. 4d, 3f). The lack of influence of pH on the

aerogel macro-porosity is consistent with the macro-

Figure 3 X-Ray micro-

tomograms of a CSM protein

aerogel (prepared at 10 wt. %

and pH = 12) taken at z-axis

positions of 0.030 mm (a) and

15.182 mm (b) in a cylindrical

specimen (h = 30 mm,

ø = 12.8 mm).
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porosity being largely determined by the freeze-

drying process (Figs. 4d, 3f).

Furthermore, varying the pH of the CSM protein

aerogels does not appear to alter the presence and

size of smaller macro-pores (\ 1 lm) or meso-pores

(\ 50 nm) within the protein matrix across a pH

range of 8–11 (Fig. 5).

Another intriguing feature of the aerogel matrix

revealed by SEM is the presence of particles on the

surface of the otherwise smooth matrix walls (Fig. 6a,

b, e–f). These particles on the surface of the aerogel

matrices appear to be influenced by the formulation

pH of the aerogels. These particles range in diameter

from 100 nm to[ 1 lm (Fig. 6a, b, e–f) and notably

increase in size from a pH of 7 to 8. The average

diameter of these particles at pH 7 is 170 nm while at

pH 8 they increase to an average diameter of 1.2 lm

and then decrease to 600 nm at a pH of 12. The

proposed mechanism of CSM protein gelation is a

multi-step process of protein denaturation, aggrega-

tion, and particle-based network formation. This type

of gelation is observed in other globular protein gels

such as whey and egg proteins [36]. Denatured pro-

tein forms protein aggregates that can form a gel

network through further stabilisation and association

of protein aggregates [37]. It is possible that the

100–1000-nm-sized particles visible in micrographs

may be manifestations of a similar particle-based

gelation process in the formation of CSM protein gels.

Furthermore, it is known that pH plays a role in

protein aggregate sizes in other aerogels [19] and

could offer an explanation for these particle size

differences with varying pH (Fig. 6b, e–f).

Figure 4 SEM micrographs

of CSM protein aerogel

morphology as a function of

protein concentration (a–

c) and pH (d–f). Protein

concentrations were prepared

at 15 wt.% (a), 10 wt.%

(b) and 3 wt.% (c) at a pH of

11. Further pH variations were

prepared at pH 8 (d), pH 10

(e), and pH 12 (f), at protein

concentrations of 10 wt.%.
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The imaging of particles and pores at the sub-mi-

cron scale (Figs. 5, 6) suggests the possibility of meso-

pores (\ 50 nm in diameter) inside the protein

matrix. The macro-pores may result from a meso-

porous gel network that is compressed by ice crystal

growth during freezing prior to freeze drying. In

future work, drying of the CSM gel by super-critical

CO2 extraction of the gel solvent will be used to

improve the preservation of the gel structure to fur-

ther explore meso-porosity formation in these mate-

rials. The development of a meso-porous CSM

protein aerogel would make these aerogels advanta-

geous for applications where high surface areas

combined with biocompatibility and biodegradability

are required (e.g. drug delivery). Bio-aerogels have

been used in applications that require specific levels

of macro-porosity (e.g. cell scaffolding in tissue

engineering) [17]. Hence, the macro-porous CSM

protein aerogels developed in this work using the

freeze-drying route are potential candidates for sim-

ilar applications.

Compressive mechanical properties of CSM-
derived protein-based aerogels

Static compression tests carried out on the cylindrical

monolithic aerogels produced typical aerogel stress–

strain curves. The elastic linear region is present up to

approximately 6% compression. The linear region is

followed by a plateau in stress that marks the onset of

the compaction phase in aerogel deformation where

the gradual collapse of the pore structure begins [38].

The dimensions of the specimen are further distorted

during a densification phase at strains greater

Figure 5 SEM micrographs

of CSM protein aerogels at

high magnification. Cross

sections of aerogel samples

prepared at pH 8 (a, b), pH 9

(c, d), and pH 11 (e, f) with

protein concentrations of 10

wt.%.
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than * 55–60%, as the collapsed pore structure of the

aerogel is compressed (Fig. 7). The yield stress of an

aerogel is sometimes referred to as the collapse

strength and is used for comparison of compressive

strength in aerogels [38]. Silica aerogels are well

known for their brittle nature and have an onset of

the plateau occurring at a compressive strain of *
5% [38]. Similarly, CSM protein aerogels exhibit a

limited linear elastic region, with the onset of the

plateau region occurring at * 6% strain.

The elasticity of aerogels is important for applica-

tions such as tissue engineering where some exem-

plary aerogels demonstrate a linear elastic regime up

to 60% compression [39]. CSM protein aerogels

demonstrate much less elastic deformation at 6%;

however, similar values of elasticity are reported for

other protein-based examples (e.g. 5% for silk fibroin

aerogels prepared at 6 wt.%.) where increased wt.%

values tend to reduce the elastic region [17]. Prepa-

ration of CSM protein aerogels at lower wt.% con-

centrations may be one route for improving elasticity

and assessing potential for application in tissue

engineering applications, as demonstrated in silk

fibroin aerogels.

As for other porous media, the mechanical per-

formance of the material is directly correlated to the

porosity (or density) of the aerogel [34]. The density

of the CSM protein aerogels may be controlled via the

concentration of the protein in the wet gel (Fig. 8).

The stiffness-to-density and strength-to-density ratios

(a.k.a. specific elastic modulus and specific strength,

respectively) of porous materials are useful for com-

paring different materials, particularly where it is

desirable to maximise both the mechanical properties

Figure 6 SEM micrographs

of morphological features

appearing on the surface of

CSM protein aerogel matrices.

Surface of matrix from CSM

protein aerogel prepared at pH

12 (a, b), pH 10 (c, d), pH 8

(e), and pH 7 (f) at 10 wt.%

protein concentration.
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and porosity. CSM extract aerogels demonstrate an

increase in specific mechanical properties with

increasing concentration of protein. The nonlinear

dependence of the mechanical properties on density

is a characteristic of nearly all biopolymer aerogels as

summarised in a recent review by Zhao et al. [7]. The

authors summarised mechanical data from a range of

studies on biopolymer aerogels and their composites;

however, no protein-based aerogels contributed to

the studies of compressive modulus (E) dependency

on density (q). The findings in the present study

demonstrate that protein-based aerogels are likely to

also have a nonlinear dependence of E on q (Fig. 7).

Repeated testing may improve the variance observed

Figure 7 Stress–strain data

from compressive tests of

CSM protein aerogels

prepared at pH 7 (a, b), pH 8

(c, d), and pH 10 (e, f) with a

10 wt.% protein concentration

(aerogel densities of

132 kg m-3, 121 kg m-3, and

125 kg m-3, respectively).

The linear elastic regions of

plots a, c, and e are shown

enlarged in plots b, d, and f,

respectively.

Figure 8 Density and

compressive mechanical

properties (specific elastic

modulus and strength) of CSM

protein aerogels as a function

of the protein concentration.

Error bars represent the

standard deviation of

measurements where n = 2.
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in these results (since n = 2); however, one explana-

tion for high variance in mechanical data is the

observation of macroscopic anisotropy in the aero-

gels. The control of thermal gradients during the

freezing process may allow for production of iso-

tropic CSM protein aerogels and should be investi-

gated as a possible method for reducing variance in

CSM protein aerogel properties.

A protein concentration of 10 wt.% was used for

subsequent aerogel formulations to ensure that CSM

formulation concentration remained comparable

with other protein aerogels such as egg white protein

[19], whey protein [40], and silk fibroin [41] aerogels.

The 10 wt.% CSM aerogels have an average density of

130 kg m-3, although viable aerogels with densities

as low as 37 kg m-3 could be produced using a

protein concentration of 3 wt.%. Aerogels with den-

sities as low as 59 kg m-3 were sufficiently stable to

be prepared as cylindrical specimens for compressive

tests (Fig. 8).

CSM protein aerogels (10 wt.% protein concentra-

tion) have an average compressive modulus of

0.97 ± 0.32 MPa and average compressive strength

of 0.055 ± 0.011 MPa, respectively (Table 1). Corre-

sponding average values for specific modulus and

strength are 0.008 ± 0.003 MPa (kg m-3)-1 and

0.47 ± 0.25 kPa (kg m-3)-1, respectively. Addition-

ally, the compressive mechanical properties of the

aerogels can be manipulated by altering the pH and

temperature of the formulation during gelation. The

Table 1 Comparison of CSM protein aerogel compressive mechanical properties

Aerogel type Average

compressive

E (MPa)

Average

compressive

strength (MPa)

Density

(kg m-3)

Average specific

E (MPa

(kg m-3)-1)

Average

specific

strength (kPa

(kg m-3)-1)

CSM protein aerogels at 10 wt.%a 0.97 ± 0.32 0.055 ± 0.011 118 ± 5 0.008 ± 0.003 0.47 ± 0.25

CSM protein aerogel at 10 wt.%, pH 10 and

T = 90 �C
2.66 ± 0.45 0.134 ± 0.002 114 ± 2 0.023 ± 0.004 1.18 ± 0.04

Whey protein isolate aerogels [40] 18.2 N/Ab 256 0.071 N/A

Silk fibroin aerogels [41] 3.3 0.32 N/A N/A N/A

Clay–soy protein–PVOH aerogels [42] 4.0 0.05 79 0.051 0.6

aAverages are calculated from all samples represented in Figs. 8 and 9. Variance is calculated using % standard deviations in contributing

data
bN/A = data not available

Figure 9 Specific

compressive strength and

elastic moduli of CSM protein

aerogels as a function of pH

during formulation. Samples

are prepared at 10 wt.% and at

ambient temperature. Error

bars represent the standard

deviation of samples at each

pH value where n = 10.
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highest elastic modulus and strength achieved in

CSM protein aerogels were 2.66 ± 0.45 MPa and

0.134 ± 0.002 MPa, respectively, in a sample pre-

pared at 10 wt.% protein, pH 10.0, and a heat treat-

ment of 90 �C for 30 min during gelation.

The compressive mechanical properties of CSM

protein aerogels vary in comparison with other pro-

tein aerogels (Table 1). The specific mechanical

properties of CSM protein aerogels remain less than

those of whey protein aerogels [11% the specific

modulus of whey protein aerogels (Table 1)]. How-

ever, one specimen (prepared at 90 �C and pH = 10)

achieves over twice the stiffness and strength of the

average CSM protein aerogels (32% the specific

modulus of whey protein aerogels). A comparison to

a soy protein composite aerogel shows certain CSM

protein aerogels outperform these hybrids in terms of

compressive strength [197% the specific strength

(Table 1)]. Further comparison to silk fibroin aerogels

shows CSM protein remains\ 30% the compressive

stiffness and strength (Table 1). Whey protein isolate,

silk fibroin, and soy protein composite aerogels pro-

vide the only comparative data in the literature. The

scarcity of comparative data highlights the need for a

better understanding of the mechanical capabilities of

protein-based aerogels. Here, it must be noted that

CSM protein aerogels were prepared from non-fi-

brous proteins and without the use of crosslinking

factors or reinforcing fibres. The comparative data

obtained from other studies of protein-based aerogels

contain examples of fibrous proteins (silk fibroin)

[41], crosslinking factors (whey protein gelled with

calcium salts) [40], and hybrid aerogels (clay/soy

protein/PVOH) [42] in which these factors play a role

in the gelation and strengthening process. Therefore,

CSM protein aerogels are a promising addition to this

group, demonstrating that they have the potential to

achieve comparable or improved mechanical prop-

erties with similar gel-enhancing techniques.

Processing-structure–property relationships
of CSM protein aerogels

The gelation mechanism likely involves a combina-

tion of hydrophobic interactions, hydrogen bonding,

ionic bonds, and disulphide covalent bonding [27].

Many of these molecular interactions are influenced

by the pH and by other charged species present in

solution (i.e. salt ions). CSM protein wet gels are

known to have pH- and temperature-dependent

rheological properties, where alkaline pH and a

temperature above 82 �C are optimal for gel network

formation [27]. Thus, it is expected that the aerogels

in this study would follow a similar trend and have

mechanical properties dependent on these same

gelation parameters. Aerogels prepared using vary-

ing alkaline pH values (pH 7–12) and gelation tem-

peratures (25–90 �C) were tested for their

compressive mechanical behaviour.

Compressive mechanical testing demonstrates that

gels prepared with a pH of 8 have superior

mechanical properties to other pH preparations, with

an elastic modulus of 2.0 ± 0.6 MPa (specific modu-

lus of 0.017 ± 0.005 MPa (kg m-3)-1) and compres-

sive strength of 96 ± 14 kPa (specific strength of

0.80 ± 0.13 kPa (kg m-3)-1) (Fig. 9). In contrast, the

aerogels prepared at pH 7 or pH 9 do not exceed

moduli of 0.7 MPa or strengths of 40 kPa, suggesting

that a pH at or near 8 plays a role in the gel strength

of these CSM aerogels. Another observation of

mechanical testing is a slight tendency for increased

strength and stiffness with increasing pH in the

samples from pH 9–12.

The influence of aerogel morphological features

(i.e. porosity) on gel strength can be investigated by

analysis of the morphology alongside the mechanical

data. Analysis of structural features from Figs. 3, 4

and 5 showed no effect of varying alkaline pH on the

macro-porosity or matrix cross section. A lack of

morphological differences of the macrostructure of

the aerogels with changes in pH suggests that dif-

ferences in mechanical properties are related to the

finer details of the structure (e.g. protein aggregate

size) or molecular interactions (e.g. degree of

crosslinking). Generally, the pH of a protein gel

influences gel strength in a protein-specific manner

since the isoelectric point (pI) of protein differs

between protein types [28]. Gelation can occur at a

pH near pI when non-charged protein aggregates

form a particle-based network such as in soy protein

isolates [37]. However, a pH distant to pI can also

favour gelation when extreme pH is necessary for

protein denaturation, prior to gelation. Canola pro-

tein isolate is known to produce stronger wet gels at

high pH (9.0), distant to the pI of the isolate (pI = 5.6),

and this is attributed to the role of an alkaline envi-

ronment in the denaturation of the canola protein

[37]. A similar dependence of canola protein gelation

on alkaline pH is observed in this study, where the

protein pI is estimated between 3.5 and 5.0 based on
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the precipitation point during protein extraction. One

explanation for the reduction in gel strength beyond

pH 8 is the increasing influence of repulsive negative

charges to protein aggregates that reduce the associ-

ation of protein molecules during gel formation.

Future studies of the sol–gel precursors of CSM

protein aerogels will elucidate the relationship

between pH-induced protein denaturation, protein

aggregation, and resulting gel and aerogel strengths.

Additionally, preparation of CSM protein aerogels by

super-critical fluid extraction may better preserve the

wet-gel structures and possibly allow for pH-induced

morphological differences in wet gels to be observed

in the final aerogels.

CSM aerogels samples were also prepared at vari-

ous gelation temperatures and subsequently tested

for mechanical properties (Fig. 10). Interestingly,

formulations based on a pH of 10 appear to be

influenced by changes in gelation temperature

(25–90 �C), while formulations based on a pH of 8 or

12 are not. The highest compressive mechanical

properties are seen in pH 10 samples prepared with

gelation temperature of 90 �C (specific compressive

modulus 0.022 ± 0.004 MPa (kg m-3)-1 and specific

compressive strength 1.18 ± 0.04 kPa (kg m-3)-1).

The samples at pH 10 increase in strength and stiff-

ness with increasing temperature; however, this

contrasts with the pH 12 samples which do not

Figure 10 Specific

compressive mechanical

properties of CSM protein

aerogels as a function of

temperature prepared at pH 8

(a), pH 10 (b), and pH 12 (c).

Error bars represent the

standard deviation of

measurements where n = 10 at

25 �C and n = 2 at all other

temperatures. The specimen

prepared at pH 12 and a

temperature of 60 �C allowed

for only one measurement;

therefore, no statistical

information is available.
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experience changes in strength and stiffness with

changes in gelation temperature. These results indi-

cate that the effect of pH and temperature on the

mechanical strength of the aerogels is a complex

interaction of factors which requires further

elucidation.

The combined influences of pH and temperature

demonstrate the tuneability of the CSM protein aero-

gels using simple aqueous techniques, allowing for

preservation of biodegradability which can be lost

when chemical crosslinkers such as aldehydes are

used to improve mechanical performance of materials.

While the specific strengths and stiffnesses of protein

aerogels remain below those of most polysaccharide-

based aerogels [7], a certain advantage in some appli-

cations may be afforded to protein-based bio-aerogels

for their unique biochemical properties and tuneable

processing, e.g. the controlled release of an absorbed

bioactive compound during digestion.

Conclusions

Aerogels were made from canola seed meal (CSM)

protein using pH-controlled gelation and a freeze-

drying process. The aerogels have a layered, macro-

porous morphology with an average density of

0.13 g cm-3 at 10 wt.% protein concentration. The

presence of some meso-porosity suggests that a

homogenous, meso-porous structure may be obtain-

able via alternate drying techniques such as super-

critical fluid extraction with appropriate solvents.

The average compressive modulus of CSM protein

aerogels is 0.97 ± 0.32 MPa, and the average com-

pressive strength is 0.055 ± 0.011 MPa although

some CSM protein aerogels can achieve moduli up to

2.66 MPa and compressive strengths of up to

0.134 MPa. Mechanical properties of CSM protein

aerogels are comparable with other protein-based

aerogels in the literature, including those with fibrous

or crosslinked proteins.

Compressive mechanical properties can be altered

through manipulation of the pH, protein concentra-

tion, and temperature during the gelation process,

revealing the tunability of aerogel properties by

aqueous chemical methods. The CSM protein gel is

likely formed from association of pH-sensitive pro-

tein aggregates (100–1000 nm diameter) to produce

gel networks which are then partially conserved

through freeze drying.

Given that the CSM protein aerogels are bio-based,

these bio-aerogels are candidates for current bio-

aerogel applications such as drug delivery, cell scaf-

folding, and in food science.
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