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A shear-thickening polysaccharide from the New Zealand Black tree fern (Cyathea medullaris, commonly known
as mamaku) extracted from different age fronds (stage 1: young, stage 2: fully grown and stage 3: old) was
characterised in terms of structure and rheological properties. Constituent sugar analysis and 'H and '*C NMR
revealed a repeating backbone of —4)-8-D-GlcpA-(1 — 2)-a-D-Manp-(1—, for all mamaku polysaccharide (MP)
samples from different age fronds without any alterations in molecular structure. However, the molecular weight
(M,,) was reduced with increasing age, from ~4.1 x 10° to ~2.1 x 10° Da from stage 1 to stage 3, respectively.
This decrease in M,, (and size) consequently reduced the shear viscosity (1s-stage 1 > 7s-Stage 2 > Ms-Stage 3)- However,
the extent of shear-thickening and uniaxial extensional viscosity of MP stage 2 was greater than MP stage 1,
which was attributed to a greater intermolecular interaction occurring in the former. Shear-thickening behaviour
was not observed in MP stage 3.

1. Introduction

Consumer demand for minimally processed natural ingredients is
recognised by the scientific community, and therefore attempts are
constantly being made to seek novel ingredients, such as poly-
saccharides, to be used in the pharmaceutical, nutraceutical, cosmetic
and food industries. Here we study a novel water-soluble polysaccharide
from the New Zealand black tree fern (Cyathea medullaris), commonly
known as mamaku.

The reddish-brown mucilage from mamaku pith was first charac-
terised for its rheological behaviour by our group in 2007 (Goh, Matia-
Merino, Hall, Moughan, & Singh, 2007). It was reported that mamaku
mucilage exhibits unique rheological properties such as Newtonian,
shear-thickening, shear-thinning, thixotropic and anti-thixotropic
behaviour (depending on concentration and shear rate). Shear-
thickening behaviour is generally reported for synthetic polymers
(Chen et al., 2019; Hu, Wang, & Jamieson, 1995; Ma & Cooper, 2001;
Tam, Jenkins, Winnik, & Bassett, 1998; Tan, Tam, & Jenkins, 2001; Xu,
Hawk, Loveless, Jeon, & Craig, 2010) and for physically/chemically
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modified natural polymers (Ang, Goh, Lim, & Matia-Merino, 2021;
Burckbuchler et al., 2006; Kjgniksen, Hiorth, & Nystrom, 2005); how-
ever, is not a common phenomenon in unmodified natural polymers.
The complex rheological behaviour of mamaku mucilage was attributed
to the presence of a non-starch polysaccharide fraction referred to as
mamaku polysaccharide (MP). MP is a long-chain glucuronomannan
polymer comprising of a repeating backbone of f-1,4-linked methyl-
esterified glucopyranosyl uronic acid and a-1,2-linked mannopyranosyl
residues, branched at O-3 of 45 % and at both O-3 and O-4 of 53 % of the
mannopyranosyl residues (Wee, Matia-Merino, Carnachan, Sims, & Goh,
2014). The sidechain consists of galactose, arabinose, non-
methylesterified glucuronic acid and other simple sugars. Further-
more, MP was reported to have strong extensional viscosity (7e—of the
order 103) (Jaishankar, Wee, Matia-Merino, Goh, & McKinley, 2015)
indicating higher intermolecular interaction between MP chains during
extension as compared to other polymers such as guar gum (Szopinski,
Handge, Kulicke, Abetz, & Luinstra, 2016) or okra polysaccharide
(Yuan, Ritzoulis, & Chen, 2018).

Studies disclosing novel polysaccharides from natural sources are
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common in the literature, although, the relatively small amount of in-
formation available limits their use for commercial applications. It is
vital to understand the properties of novel polysaccharides at all stages
of their development, ie., from their origin to end-use. During
biochemical and physiological developments in the plant, such as seed
germination and fruit ripening, endogenous enzymes can cause struc-
tural changes in polysaccharides (Ward, Moo-Young, & Venkat, 1989),
thereby affecting their functionality. During the ripening of fruits, the
activity of several enzymes such as pectin esterases, responsible for the
changes in pectin structure, increases significantly (Wang, Yeats, Ului-
sik, Rose, & Seymour, 2018). Changes in pectin during maturation may
include shortening of the pectin chain, demethylation of carboxyl
groups and deacetylation of hydroxyl groups (Ward et al., 1989).
Therefore, it is important to understand the effect of mamaku frond age
on the functionality of MP.

Our working hypothesis is that the physicochemical properties of MP
differ as a function of age, which affects its functionality (e.g., shear and
extensional rheology). This work not only provides useful knowledge on
the appropriate and sustainable harvesting time but also on how to
achieve product uniformity in large-scale production. To the best of our
knowledge, there is no report characterising the changes in MP based on
the age of fronds. In this study, we present a comprehensive analysis of
the structural characterisation of MP extracted from three different age
group fronds and its impact on shear and uniaxial extensional rheology.

2. Material and methods
2.1. Extraction and purification of mamaku gum

Mamaku fronds from three different age groups were harvested from
seven different ferns from a farm at Waverley, Taranaki, New Zealand,
between the 10th and 30th of October 2020 following local practices.
The harvesting stages were classified based on the significant visual
changes in the growth of the fern. Stage 1 refers to young fronds (also
known as koru), stage 2 refers to fully grown fronds, while stage 3 refers
to fronds starting to die, where brown sections were observed (Fig. Al).
Gum extraction was carried out as described by Bisht, Goh, and Matia-
Merino (2023), with some modifications. Briefly, the fronds were
chopped, blended with water and heated to ~55 °C for 5 min with
continuous stirring. The exuded gum, separated from insoluble plant
debris, was collected. The left-over pulp was reheated in water and the
extract was collected until no visual viscous consistency of the flowing
liquid was observed. This was repeated an average of 3-5 cycles. The
pooled extracts were left undisturbed overnight at 4 °C for the remains
of pulp to sediment by gravity. The clearer top layer was then separated
using a siphon, and the ‘crude gum’ freeze-dried.

The crude mamaku gum extract samples were hydrated overnight (5
% w/w) and ultra-centrifuged (Sorvall WX Ultra 100, T-865 motor,
Thermo-Fisher Scientific, Waltham, Massachusetts, USA) at 250,000g
for 1 h to remove large aggregates, dialysed (molecular weight cut-off:
12,000-14,000 Da) against reducing NaCl concentrations (0.01 M,
0.001 M and milli-Q water only) for ~42 h at 4 °C, and the ‘purified gum
fraction’ freeze-dried.

2.2. Chemical analysis

Quantification of total solids, ash, protein, fat, starch and dietary
fibres (soluble and insoluble) was carried out on the crude gum extracts
using AOAC 925.45A, AOAC 942.05, AOAC 968.06, AOAC 922.06,
AOAC 996.11 (Megazyme kit) and AOAC 991.43 (Megazyme kit)
methods, respectively. The mineral and sugar compositions were ana-
lysed using an inductively coupled plasma (ICP)-optical emission spec-
trometer and gas chromatography, respectively. The uronic acid content
was quantified spectrophotometrically using the m-hydroxydiphenyl
method with glucuronic acid as the standard (Blumenkrantz & Asboe-
Hansen, 1973). The chemical analyses were conducted by an
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accredited Nutrition Laboratory, Massey University, Palmerston North,
New Zealand.

2.3. Constituent sugar analysis

The constituent sugar composition of purified gum was determined
using high-performance anion-exchange chromatography (HPAEC)
after hydrolysis to its component monosaccharides, as described by De
Ruiter, Schols, Voragen, and Rombouts (1992) with modifications (Wee
et al., 2014). Briefly, duplicate samples (400 pg) were hydrolysed with
methanolic HCI (3 M, 500 pl, 80 °C, 18 h), followed by aqueous tri-
fluoroacetic acid (TFA, 2.5 M, 500 pl, 120 °C, 1 h). The resulting hy-
drolysates were dried, diluted with Type 1 water (to 80 pg/ml) and
analysed on a CarboPac PA-1 (4 x 250 mm) column equilibrated in 20
mM NaOH and eluted with a simultaneous gradient of NaOH and NaOAc
at 30 °C and a flow rate of 1 ml/min. The sugars were identified from
their elution times relative to a standard sugar mix (L-fucose, L-rham-
nose, L-arabinose, D-galactose, p-glucose, D-mannose, D-xylose, D-gal-
acturonic acid, and D-glucuronic acid), and quantified from the response
calibration curves of each sugar.

2.4. NMR

The purified mamaku gum samples were deuterium exchanged by
freeze-drying twice with DO and dissolved in D0 at 6.7 mg/ml, with
the addition of acetone (0.4 % v/v) as an internal standard, set at 31.45
ppm (*3C) and 2.225 ppm (*H). NMR data were collected on a Bruker
Avance Neo 700 MHz NMR spectrometer (Bruker BioSpin, Rheinstetten,
Germany), equipped with a 5 mm TCI cryoprobe (fitted with a Z-
gradient coil), at 65 °C. 1D 'H NMR spectra were recorded with a
spectral width of 20 ppm, 65,536 complex data points, 30-degree exci-
tation pulse, each with an acquisition time of 2.36 s and a 1 s recycle
delay time. Phase-sensititive, sensitivity enhanced Heteronuclear single
quantum coherence (HSQC) and double-quantum filtered correlation
spectroscopy (DQF-COSY) experiments were carried out using standard
Bruker pulse programs (hsqcetgpsisp2.2 and cosydfph). The 2D spectra
used spectral widths of 10.2 and 124.0 ppm for the 'H and '3C di-
mensions, respectively. The HSQC was digitized using 2048 x 320
points. The DQF-COSY was acquired using 50 % non-uniform sampling
in the indirect dimension, giving a final data matrix of 2048 x 400
points. Both 2D experiments used a recycle delay of 1.5 s. Spectra were
analysed and processed in Mestranova (Version 14.1.2). Assignments
were made by comparing the spectra with published data.

2.5. Size-exclusion chromatography coupled with multi-angle laser light
scattering (SEC-MALLS)

The weight-average molar mass (M,,) and root mean square radius
(Ry) for purified gum samples was determined using high-performance
liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan)
coupled with multi-angle laser light scattering (Dawn Heleos 8+, Wyatt
Technology Corp., Goleta, California, USA), as described by Bisht, Goh,
Sims, Edwards, and Matia-Merino (2023). Separation was achieved by
connecting two size-exclusion columns in series with a guard column
(OHpak SB-G, SB-804 HQ and SB-806 M HQ columns, Shodex, Tokyo,
Japan) at 25 °C. The purified gum samples were centrifuged at 30,000g
for 1 h, followed by injection (20 pl) into the HPLC system at a flow rate
of 0.5 ml/min and eluted with 0.1 M NaCl. The Astra software (Version
6.1.1.17, Wyatt Technology) was used to analyse the light scattering
peak using the Zimm plot at an incremental refractive index (dn/dc) of
0.178 ml/g.

2.6. Shear rheology

Freeze-dried crude gum extract was hydrated in milli-Q water at
different total solid concentrations (w/w) for ~15 h at 20 °C.
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Rheological measurements were performed using a Paar Physica MCR
302 rheometer (Anton-Paar, Graz, Austria) in controlled shear rate
(CSR) mode using a log-ramp profile from 30 s to 2 s (initial to final) at
20.0 £ 0.1 °C. Viscosity profiles were measured using the cup-and-bob
geometry (CC27 and C-PTD 200) and data were recorded using Rheo-
plus/32 software (Version 3.62).

Oscillatory measurements (frequency sweep) were performed in the
range of 0.01-20 Hz using a constant strain value of 5 % (within the
linear viscoelastic region) using the double gap geometry (DG-26-7 and
C-PTD 200). The samples after loading were allowed to rest for 5 min,
before starting the experiment, to reduce any effect of shear-history and
for temperature equilibration.

2.7. Extensional rheology

The extensional behaviour of crude gum extract was investigated
using a portable capillary-breakup extensional rheometer, built in-house
at Massey University based on the design described by Hallmark et al.
(2016). This instrument consists of two cylindrical pistons of diameter,
D,, 4 mm separated by an initial gap, L,, 1.5 mm (giving initial aspect
ratio, A, = L,/D, = 0.38). The samples were loaded between the pistons
(cylindrical volume of fluid ~0.02 ml) and the top piston was displaced
instantaneously to the final separation, Ly, of 4 mm (giving final aspect
ratio, Ay = Ly/D, = 1) using a battery-powered solenoid to impose a
predominantly uniaxial extensional deformation and thus, create a
liquid filament bridge between pistons. The subsequent evolution of the
liquid filament diameter was monitored using a high-speed camera at
500 frames per second. MATLAB software was programmed to digitally
analyse the measurements of the diameter in each frame. The experi-
ment was repeated at least 10 times in a temperature-controlled room at
20 °C.

The filament thinning experiment assumes axial symmetry about the
midplane but is strongly influenced by gravitational force, causing
filament sagging. In order to minimize gravitational sagging and obtain
the initial filament configuration close to the cylinder, the experiment
parameters were set such that L, < capillary length, I.qp = \/5/pg = 2.5

mm, or equivalently 2L,/D, < 1/ \/Bo ~ 0.75 < 1.3; where ¢ is surface
tension, p is density (assumed as 1000 kg/m®), g is the acceleration due

to gravity (9.18 m/s?) and B, is Bond number (= ”gﬁﬂz ~ 0.6) (Rodd,

Scott, Cooper-White, & McKinley, 2005). The surface tension for all the
samples was measured independently using a Tensiometer (Biolin Sci-
entific Attention theta flex, ATA Scientific Instruments, Australia)
(Table A1).

The liquid filament thins under the action of viscous, elastic and
capillary forces and the midplane diameter, D(t), of the filament varies
as a function of time. Three characteristic diameters were recorded for
analysis: D,, the initial sample diameter (~ piston diameter = 4 mm); D,
the diameter of mid-filament immediately after stretching; and D(t), is
the change in filament diameter with time after stretching until breakup.
For viscous Newtonian fluids of viscosity 75 and surface tension o, the
midplane diameter, D(t), decays linearly with time until breakup ac-
cording to

D) = 0.070922 (16 — 1) o)

s

where t is the capillary breakup time (McKinley & Tripathi, 2000).
However, for viscoelastic fluids, the filament initially drains under
capillary pressure which is restricted predominantly by viscosity stress.
The extensional flow generated during thinning results in additional
elastic stress, due to the deformation of microstructure, which grows
with increasing strain and ultimately dominates the viscous stress. This
point, when capillary pressure arising from surface tension is balanced
purely by stress from elasticity, marks the onset of an elastocapillary
regime (Anna & McKinley, 2001; Haward, Sharma, Butts, McKinley, &
Rahatekar, 2012). For viscoelastic fluid in the elastocapillary region, the
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midplane diameter, D(t), decays exponentially according to:

D(r) (62?

13
D > exp| —1/34e] 2)

where G is elastic modulus and Je is the longest relaxation time. The
instantaneous strain rate, &, of the thinning fluid filament is given by:

2 dD())
D(t) dt

3

Hencky strain, ey(t), experienced by the thinning filament at the
axial midplane at time t is then given by:

enlt) = / #(1)d(1) = 2in (Dlz;)) @

0

The apparent transient extensional viscosity (7e) of the stretching
fluid can be obtained using:

c
e = ~ DG/ )

2.8. Statistical analysis

All the experiments were done in triplicate, otherwise specified.
Statistical analysis was performed using a one-way analysis of variance
(ANOVA) with Duncan post-hoc test at a 95 % confidence level using
SPSS software (IBM SPSS Statistics, Version 28.0.1.1(15)).
3. Results and discussion

3.1. Chemical composition

The composition of freeze-dried crude mamaku gum from different

Table 1
Proximate, mineral and simple sugar composition of freeze-dried crude mamaku
gum.

Stage 1 Stage 2 Stage 3

Composition (% w/w dry basis)
Ash 14.2 23.9 25.0
Protein 5.2 2.2 1.6
Fat 0.5 1.2 2.1
Starch 2.4 1.9 1.3
Sugar 34.6 39.5 47.5
Total dietary fibres 15.5 15.4 18.3

Insoluble dietary fibres 1.6 1.4 1.5

Soluble dietary fibres 13.9 14.0 16.8
Uronic acid 5.8 5.7 6.8
Minerals (mg/kg)
Potassium 62,217.2 79,382.6 45,209.9
Sodium 4072.4 27,563.4 44,133.5
Calcium 904.9 3528 7642.6
Magnesium 2488.7 1212.8 1937.6
Aluminium 1934.4 2535.8 828.9
Zinc 40.7 71.7 28.0
Manganese 22.3 9.6 10.1
Iron 373.3 374.9 99.1
Copper 14.8 15.6 7.0
Selenium <0.2 <0.2 <0.2
Lead 0.2 0.2 0.1
Mercury <0.01 <0.01 <0.01
Sugars (% w/w)
Fructose 17.9 20.9 21.6
Glucose 16.1 17.9 25.4
Maltose <0.1 <0.1 <0.1
Sucrose <0.1 <0.1 <0.1
Galactose 0.68 0.69 0.43
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stages is shown in Table 1. All the gum extracts had high proportion of
free sugars (stage 1: ~35 %; stage 2: ~40 %; stage 3: ~48 %) and ash
(stage 1: ~14 %; stage 2: ~24 %; stage 3: ~25 %). In all extracts,
fructose and glucose were the prevalent sugars, while potassium, so-
dium, calcium, magnesium and aluminium were the predominant
minerals. A similarly high ash and sugar content has been shown for
extracts from sesame leaves (Nep et al., 2016) and durian seeds (Amid,
Mirhosseini, & Kostadinovi¢, 2012). The amount of ash and sugars
remarkably increased with the increasing age of mamaku fronds, while
the amount of protein was found to be reduced. The extracts were low in
fat (stage 1: ~0.5 %); stage 2: ~1 %,; stage 3: ~2 %) and starch (stage 1:
~2 %); stage 2: ~2 %; stage 3: ~1 %). About 6-7 % of uronic acid was
present in all gum extracts. These results are comparable with the
mamaku gum extract composition reported previously (Goh et al.,
2007).

Constituent sugar analysis of purified mamaku gum showed that the
total sugar content increased with the growth stage (from 57.4 % in
stage 1 to 68.5 % in stage 3), although the relative proportions of each of
the sugars was similar at each stage (Table 2). The samples contained
similar amounts of neutral sugars, mostly galactose, mannose and
xylose, as reported previously, but the glucuronic acid content was
considerably lower (Wee et al., 2014). However, a comparison of the
normalised weight percentage of glucuronic acid (27.4-29.9 %, Table 2)
with the relative amounts (mol%) of glucuronic acid linkages (36.1 %)
shown by Wee et al. (2014), suggested that the uronic acid content was
overestimated in this earlier work. In addition, the relative proportions
of glucuronic acid and mannose observed in this current work (~1.2:1)
were consistent with a repeating backbone of —4)-p-D-GlcpA-(1 — 2)-
a-D-Manp-(1—, as suggested previously for this and other glucur-
onomannans (Aspinall, Hirst, & Wickstrgm, 1955; Barone et al., 1996;
Erni, Varagnat, Clasen, Crest, & McKinley, 2011; Lai & Liang, 2012; Nep
et al., 2016; Wee et al., 2014).

3.2. NMR

The 'H and !3C NMR spectra of purified mamaku gum from each of
the three stages were almost indistinguishable from each other (Fig. 1a
shows 'H spectra) and were very similar to those obtained previously
(Wee et al., 2014). The HSQC spectrum of purified mamaku gum from
stage 1 is shown in Fig. 1b; the 'H and '3C chemical shifts were partially
assigned on the basis of the HSQC and DFQ-COSY experiments and by
comparison with published spectra of similar molecules (Barone et al.,
1996; Nep et al., 2016; Wagner et al., 2004; Wagner et al., 2007; Wagner
et al., 2008).

Signals at H-1/C-1 5.33-5.37/99.7 ppm, with H-3/C-3 3.74/84.4
ppm were assigned to a-D-Manp residues with O-3 substitution, as
observed previously by glycosyl linkage analysis (Wee et al., 2014).
Similarly, signals at H-1/C-1 4.58/102.9 ppm and 4.53/103.5 ppm were
assigned to p-D-GlcpA residues, which was confirmed by the presence of
a carbonyl signal in the *C NMR spectrum at 171.5 ppm, and by H-1/H-

Table 2
Constituent sugar composition of purified mamaku gum.

Monosaccharide Amount (wt%)" Normalised (wt%)
Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3

Fucose 0.8 0.6 0.7 1.5 1.0 1.0
Rhamnose 1.2 1.6 1.4 2.1 2.6 2.0
Arabinose 2.1 2.2 2.7 3.6 3.7 4.0
Xylose 5.7 5.9 6.6 9.9 9.7 9.6
Galactose 15.0 17.0 18.4 26.2 27.6 26.9
Glucose 2.6 0.6 1.8 4.6 1.0 2.7
Mannose 13.8 14.9 16.5 24.0 24.2 24.1
Galacturonic acid 0.5 0.2 0.4 0.8 0.3 0.5
Glucuronic acid 15.8 18.4 20.0 27.4 29.9 29.2
Total 57.4 61.4 68.5 100.0 100.0 100.0

 Values are the average of duplicate analyses (n = 2).
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2 correlations in the DFQ-COSY spectrum with H-2 signals at 3.54 ppm
(C-2 74.3 ppm) and 3.39 ppm (C-2 73.5 ppm), respectively. The upfield
13C chemical shift of the GlcA carbonyl signal, together with an intense
O-methyl signal (*3C 54.5 ppm, 'H 3.87 ppm) was consistent with
methylesterification of this residue. A signal at H-1/C-1 4.70/104.4 ppm
was previously assigned as f-D-Galp (Wee et al., 2014), but correlations
in the DFQ-COSY spectrum enabled full assignment of the chemical
shifts, which were consistent with $-D-Xylp residues (Sims & Newman,
2006). Signals at H-1/C-1 5.24/101.9 and 5.15/103.0 ppm were
assigned to a-D-Galp residues and a weak signal at H-1/C-1 4.90/99.2
ppm was assigned to a-L-Rhap residues (H-6/C-6 1.29/17.8 ppm). A
signal at H/C 3.44/57.4 ppm suggested that some residues carry a
methoxy substituent, such as 3-O-methyl rhamnose reported by Barone
et al. (1994) for Ceratozamia spinosa mucilage.

3.3. Size-exclusion chromatography coupled with multi-angle laser light
scattering (SEC-MALLS)

Fig. 2 shows the chromatogram for purified mamaku gum from
different stages at an elution time ranging between 20 and 30 min. A
right-hand shift in eluting time can be observed with increasing age. M,,
and R, significantly decreased with an increase in age; M,, decreased
from ~4.1 x 10° Da to ~2.1 x 10° Da while R, decreased from ~147 nm
to ~108 nm from stage 1 to stage 3, respectively (Table 3). These results
are consistent with Goh, Matia-Merino, Pinder, Saavedra, and Singh
(2011) who reported M,, = ~3.2 x 10® Da and R, = ~144 nm for
mamaku gum extracted from a mix of stage 1 and stage 2 fronds. On the
other hand, Wee et al. (2014), reported M,, = ~2 X 10° Da and R, =
~94 nm for mamaku gum extracted from a similar age mix fronds. The
differences in these molecular parameters could be due to differences in
frond maturity, harvesting season, sample preparation (heating at high
temperature and ethanol precipitation) and/or differences in instru-
mental parameters (different analytical columns and mobile phase were
used). Further, our results showed a shift from a monomodal peak to a
bimodal peak (for the stage 3 gum) with increasing harvesting age
(Fig. 2). This shift in peaks profile was also accompanied by a significant
increase in polydispersity index (M,,/Mp). These results suggest that MP
undergoes (enzymatic) hydrolysis with the increase in frond maturity
which may result in various molecular weight sizes of the poly-
saccharide. The hydrolysis of polysaccharides with plant ageing is a
common phenomenon. There is a variety of enzymes such as f-gluco-
sidase, a-glucosidase, f-mannanase, galacturonanase, $-1,3-glucanase,
galactanase and p-xylosidase present in plants that are capable of
hydrolysing most of the glycosidic bonds in the polysaccharides
(Frankova & Fry, 2013). In seeds like guar and locust, galactomannan is
the main endosperm carbohydrate that is hydrolysed by enzymes such as
1,4-f-mannan hydrolase, f-mannosidase, and a-galactosidase during
germination (McCleary & Matheson, 1974; Reid & Meier, 1973). How-
ever, further work is needed to identify enzymes specific to the hydro-
lysis of MP.

3.4. Shear rheology

Shear rheology was performed to quantify the flow behaviour of the
gums from the three different harvesting age stages. The viscosity pro-
files of crude mamaku gum (1 %, 3 %, 5 % and 10 % w/w total solids)
extracted from the three stages are shown in Fig. 3. Mamaku gum from
stages 1 and 2 exhibited the unique rheological behaviour with three
different regions—Newtonian region at the low shear rate, followed by a
region of shear-thickening at intermediate shear rates, and shear-
thinning at higher shear (Fig. 3a, b). With the increase in gum concen-
tration for both of these samples (stage 1 and 2), the viscosity increased
across the whole shear rate range and the rate at the onset of shear-
thickening (critical shear rate- y..) shifted to lower shear rates (stage
1: from 6.31 s at 3 % w/w to 2 s~ ' at 5 % w/w; stage 2: from 7.94 s~
at 3 % w/w to 2,51 s~1 at 5 % w/w). The shear-thickening in MP has
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Fig. 1. (a) Selected region of 'H spectra of purified mamaku gum. (b) Selected region of DEPT-edited HSQC spectrum of purified mamaku gum from stage 1. M,
mannose; G, galactose; R, rhamnose; X, xylose; Ga, glucuronic acid; COOCH3, methylesterification at C-6; COCH3, O-methoxy group.

been proposed to be due to the unfolding of polymer chains and
breaking of intramolecular bonds with increasing shear rate, leading to
the formation of intermolecular hydrogen bonds with neighbouring
polymer chains (Wee, Matia-Merino, & Goh, 2015). When the mamaku
gum concentration is increased, an increase in chain-chain interactions
including physical entanglements of the polymer chains is expected.
This will lead to an overall increase in viscosity and the corresponding
decrease in 7. The shift to a lower yg implies that the polymer
rheological properties are more dependent on the shear. In the case of
the mamaku gum, a high gum concentration (or lower y;) implies that
a lower shear rate is needed to induce the shear thickening behaviour.

Despite similar viscosity profiles for stage 1 and stage 2 gum samples,
two key differences were observed (Table A2); (i) The viscosity

developed by the gum from stage 1 was higher than that from stage 2 at
all ranges of applied shear. When comparing at 5 % (w/w) total solids,
the gums from stage 1 and stage 2 had similar uronic acid content (~0.3
%) but the maximum viscosity (max -at the peak) for stage 1 gum was
markedly higher, ~4.2 Pa.s (at 12 s~1) compared to the 5y for stage 2
gum, ~1.4 Pa.s (at 13 sh (Fig. 3d). From this, it is obvious that the
difference in viscosity between the two stages is not due to any changes
in the uronic acid content (Fig. A2); (ii) The extent of shear-thickening,
defined as the ratio between the peak viscosity during shear-thickening
and the viscosity at the onset of shear-thickening (max/7crit), was higher
for stage 2 gum than for stage 1. For instance, at 3 % and 5 % (w/w), the
extent of shear-thickening for stage 2 gum was ~4.1 and ~3.9, respec-
tively, while it was ~3.5 and ~3.3, respectively, for stage 1 gum.
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Fig. 2. Light scattering (LS) signal and weight-average molar mass (M,,)
analysis by size-exclusion chromatography coupled with multi-angle laser light
scattering (SEC-MALLS) of purified mamaku gum. The two peaks for the stage 3
gum sample were deconvoluted using the Gaussian model (R? = 0.999) in
Origin 2020 (Version 9.7.0.185 Academic).

Table 3
Molecular parameters of purified mamaku gum analysed by Size-exclusion
chromatography coupled with multi-angle laser light scattering (SEC-MALLS).

Weight- Root mean Slope from the Polydispersity
average molar square plot of M,, against (M,,/M,)
mass, M,, %108 radius, R, root-mean-square
(Da) (nm) radius
Stage 4.07 £ 0.16% 146.45 + 0.68 & 0.01* 1.05 + 0.01°
1 3.58°
Stage 2.61 + 0.02° 123.15 + 0.61 + 0.01° 1.14 £+ 0.01*
2 1.08"
Stage 2.09 £ 0.02° 107.88 + 0.6 + 0.01° 1.11 £ 0.0%
3 1.31¢

Values are expressed as means =+ standard deviation (n = 3). Values in the same
column denoted with the different superscripts are significantly different (p <
0.05).

Contrary to stages 1 and 2 gums, no shear-thickening was observed
for the gum from stage 3, even at a high concentration of 10 % (w/w)
(corresponding to ~0.65 % uronic acid) (Fig. 3c). Furthermore, stage 3
gum had the lowest viscosity at all shear rates amongst all three gum
samples (Fig. 3d).

Crude mamaku gum from different stages of harvesting age was also
subjected to frequency sweep at 5 % strain- within the linear viscoelastic
region (Fig. 4). Storage (G') and loss moduli (G") increased for all sam-
ples with increasing frequency and concentration. At low frequencies, G’
was above G for all three samples, indicating a viscous flow behaviour,
meaning that MP chains can relax to the original equilibrium configu-
ration within the time scale. With an increase in frequency, for stage 1
and stage 2 gums at 5 % and 10 % (w/w), G’ became dominant over G
above the crossover frequency (G = G") (Fig. 4a, b). G greater than G”
indicates a change from viscous to ‘gel-like’ behaviour. The inverse of
frequency at the crossover point is the relaxation time (). With the
increase in concentration, the A increased from 0.32 s at 5 % to 20 s at
10 % for stage 1 gum and from 0.12 s to 4 s for stage 2 (Table A3). The
higher A for stage 1 gum compared to stage 2, suggest that polymer
chains in the stage 1 gum form a stronger network of inter- and intra-
molecular interactions (hydrogen bonding), thus, taking longer to
relax. For stage 3 gum, G' remained higher than G for all the concen-
trations, indicating viscous fluid behaviour, due to limited poly-
saccharide linkages (Fig. 4c). Similar to the viscosity trend observed
above, G’ and G" decreased with an increase in the harvesting age, at a
given frequency, as stage 1 > stage 2 > stage 3.
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3.5. Extensional rheology

Fig. 5 shows the sequence of images demonstrating the filament
thinning dynamics as a function of time for crude gum samples from
stage 1, stage 2 and stage 3 at 3 % and 5 % (w/w) total solids concen-
trations. The time in Fig. 5 is normalised by t, i.e., t' = t/t}, (t, values are
given in Table Al). t'= 0 is the instant when piston stretching ceases and
corresponds to the starting time point of the experiment. Soon after the
liquid bridge has been formed, the inertial stresses arising due to
displacement of the piston are dominant (inertial regime). This is
immediately followed by the viscocapillary regime, where capillary
forces are balanced by the viscosity of the fluid. The filament diameter in
the viscocapillary regime decreases linearly according to Eq. (1)
(McKinley & Tripathi, 2000). Following the viscocapillary regime, is the
exponential elastocapillary regime where filament diameter decays as D
(t) ~ exp(—t/3 Ze) (from Eq. (2)) (Entov & Hinch, 1997). The onset of the
elastocapillary regime can be viewed in images in Fig. 5 (marked in-
dash-boxes), characterised by the presence of a stable axially uniform
cylindrical fluid filament that thins with time. Mamaku gum from stage
1 and stage 2 enters into the elastocapillary regime faster than in stage 3.
With the increase in concentration, the liquid bridge can sustain a
thinner fluid filament without breaking; for example, for stage 2 gum, at
t' = 0.65, the filament diameter decreases with an increase in concen-
tration—attributing to higher elastic stress at 5 % (w/w) concentration
that retards the breakup. Towards the breakup stage, the polymer chains
become fully stretched and the elastic stress can no longer balance the
increasing capillary stress, the filament behaves like a viscous Newto-
nian fluid and the diameter will decay linearly until breakup (Entov &
Hinch, 1997). In order to predict the evolution of diameter in both the
elastocapillary and long-time viscous-like regimes, Anna and McKinley
(2001) proposed a generalised form of Eq. (2) as:

D(t) =Ae™® —Ct+D (6)

where A, B, C and D are fitting parameters. The value of B is related to
the longest extensional relaxational time (1e) of the fluid (B = 1/32e),
and the value of C is related to the steady-state extensional viscosity
plateau at larger Hencky strains (C = 6/7¢,c0)-

The evolution of fluid filament diameter with time is shown in Fig. 6.
The decrease in filament diameter follows an exponential decay, char-
acteristic of polymer fluids as reported previously for guar gum
(Bourbon et al., 2010; Kongjaroen, Methacanon, & Gamonpilas, 2022;
Piermaria, Bengoechea, Abraham, & Guerrero, 2016; Szopinski et al.,
2016; Torres, Hallmark, & Wilson, 2014), xanthan (Choi, Mitchell,
Gaddipati, Hill, & Wolf, 2014; Funami & Nakauma, 2021), mamaku
(Jaishankar et al., 2015), locust bean gum (Bourbon et al., 2010; Funami
& Nakauma, 2021; Piermaria et al., 2016), polystyrene (Clasen et al.,
2006; Vadillo, Mathues, & Clasen, 2012) and polyelectrolyte solutions
(Jimenez, Dinic, Parsi, & Sharma, 2018). For mamaku gum extracted
from different harvesting ages, t, increased with an increase in con-
centration, indicating enhanced entanglement/interactions between
stretched polymer chains in a concentration-dependent manner. At a
given concentration, filament formed by stage 2 gum took the longest
time to break (maximum t) while the breakup was fastest for stage 3
gum (minimum tp). From the filament diameter vs time plot, using Eq.
(2) in the elastocapillary regime, le was calculated and values are given
in Fig. 6 and Table Al. On comparing le, stage 2 gum has higher le
followed by stage 1 and then stage 3 gum; at 5 % (w/w) le was 6.8 s, 3.2
s and 0.2 s respectively.

The relaxation time of a polysaccharide is related to the time taken
by the polysaccharide chains to reach an equilibrium state after being
disturbed. In this study, s and 1e were determined from oscillatory shear
rheology and filament thinning diameter, respectively, and are given in
Tables Al and A3. At 5 % (w/w) mamaku gum concentration for stage 1
and stage 2, le was above /;. Similar observations, 1e>4;, were made by
Vadillo et al. (2012) and Clasen et al. (2006) for different molecular
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weight polystyrene solutions and by Szopinski et al. (2016) for car-
boxymethyl hydroxypropyl guar gum solution. On the contrary, Anna
and McKinley (2001) demonstrated that le~As for Boger fluids, while
Yesilata, Clasen, and McKinley (2006) and Arnolds, Buggisch, Sach-
senheimer, and Willenbacher (2010) showed le </ for wormlike micelle
solution based on erucyl bis(2-hydroxyethyl) methyl ammonium chlo-
ride (EHAC) and for poly(ethylene oxide) (PEO) solutions, respectively.
The possible reason for the difference in 1e and 4 could be due to the
difference in the mode of relaxation for shear and extensional flows.
During extensional deformation, a single polysaccharide coil deforms
and Je refers to the disentanglement of the entire polymer chain (Clasen
et al., 2006; Szopinski et al., 2016). Whereas under shear deformation,
polysaccharide chain movements can be dominated by entanglements
and A refers to the time that a disentangled polymer requires to re-
entangle with the neighbouring polymer molecules (Kongjaroen et al.,
2022). In the case of mamaku, the possible reason for Ae>1; could be the
more stretched MP under extensional flow—more sites for hydrogen
bonding leading to greater intermolecular interactions—compared to
partly stretched chains under oscillatory flow. During extensional
behaviour, polymers are significantly stretched as they approach the
elastocapillary regime, and they are further stretched as the filament
evolves until a fully stretched polymer is achieved, thus, making

intermolecular interactions significant, causing higher Ze (Tirtaatmadja,
McKinley, & Cooper-White, 2006). Interestingly, Bhardwaj, Miller, and
Rothstein (2007), reported a concentration-dependent change in Ae/As
for wormlike micelle solutions of cetylpyridinium chloride and sodium
salicylate (NaSal) and cetyltrimethylammonium bromide and NaSal; at
low concentration, le was lower than /;, while at higher concentration
Je was above 1, Mamaku concentration of 5 % (w/w) is above the coil
overlap concentration (c* = 2.2 % (w/w) (Goh et al., 2007) so, le> 4 for
mamaku gum could also be a concentration effect, as Je is reported to be
more sensitive to concentration than i (Bhardwaj et al., 2007; Clasen
et al., 2006; Tirtaatmadja et al., 2006). Since no crossover was observed
at 1 % and 3 % concentrations from oscillatory data, A; was not deter-
mined and no comparison between le and J; was made at lower
concentrations.

The elastocapillary balance persists for sufficient time for stage 1 and
stage 2 gum samples at 3 % and 5 % (w/w) concentration, thus, 3 % and
5 % (w/w) concentrations were used to estimate apparent transient
extensional viscosity, 7e, as a function of accumulated Hencky strain,
ey(t). A marked increase in 7, was observed for both sample types as
ey(t) increases in a concentration-dependent manner; ultimately
reaching a plateau due to the molecules reaching their finite extensi-
bility limit (Fig. 6d). Similar to e trend, #. was higher for the gum from



A. Bisht et al.

10
a Lut
u CL
L a
1+ EmEnEEE“ L
&
Sk ¢S a
_— f I. o QQQ AAAA
ég o 22" RS
z 0.1+ 00 g® a2 )
¢ ’ 0° L] a® AA
0 S [ ] A A
6‘ OOO i. AAA AA
o] = A ' "
L) AAA s . G G
A = 10% = o
LIUN A
0.01{ o, K o S
LA A 3% A A
A‘ 1% ,;\’_)
AA Not detected
0.001 4 : . |
10 b .
Ba
nn®
mE
EEEBQ [
Emma g®
14 Eﬁﬁﬁ 660%
DEEE - 0% g®
gola® 00 g®24
=) o= | | =) ..AA
< ad ut" 00%g0%8a%"
- nt e e® 2
z 014 " 50° ...AAA AAA
Q o® .. AA AAA
¢ 0® % A
© 0©° o222 uA ¢ G
00 22 Laf 0% = o
0.01 A AA 5% o -
o’ x? 3% L A
o At 1% &)
Not detected
0.001 : : : ;
©
e
o
(C) " > ” o
B o”
: ® 10% = o
0.01 - o
] . 5% @ o
- : 3% A
u ' 1% b
0.001 . : Noltdetected .

Frequency (Hz)
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stage 2 than from stage 1, suggesting stronger extensional behaviour for
the former. For both stage 1 and 2 gum, the 7. is considerably higher (7.
> 200 Pa.s) than other polymers such as guar gum (5. < 10 Pa.s) (Torres
et al., 2014), hydroxypropyl ether guar gum (ye < 10 Pa.s) (Dux-
enneuner, Fischer, Windhab, & Cooper-White, 2008), and okra poly-
saccharide (57e < 100 Pa.s) (Yuan et al., 2018). Also, e > suggests that
MP exhibits a more dramatic response to extensional deformation
compared to shear deformation as the association of MP chains is
strengthened in extensional flow since the polymer is more stretched.

4. General discussion

MP is a negatively charged biomacromolecule with unique rheo-
logical properties. Herein we showed that the rheological behaviour of
MP is dependent on the harvesting age of the mamaku fronds. The
molecular weight (chain-length) of MP decreases (Fig. 2 and Table 3),
with increasing harvest age without any apparent alteration in chemical
structure (Fig. 1 and Table 2). The harvesting-age-dependent decrease in
chain length of MP leads to a reduction in viscosity at all shear rates (.
Stage 1 > Ms-Stage 2 > Ns-Stage 3» Fig. 3d). A similar molecular weight-
dependent decrease in viscosity was observed previously for xanthan
gum (Holzwarth, 1978), guar gum (Beer, Wood, & Weisz, 1999) and
starch (Tida, Tuziuti, Yasui, Towata, & Kozuka, 2008).

Despite MP from stage 1 having a higher molecular weight than that
from stage 2, tp, de and 7. were greater for the latter (Fig. 6). Further-
more, the trend for extensional behaviour is similar to the ratio #max/%crits
observed in shear rheology (stage 2 > stage 1) (Fig. 3d). For extensional
rheology, in general, t;, e and 7. increase with an increase in molecular
weight (Anna & McKinley, 2001; Wunderlich et al., 2000). However, for
polymers with complex architecture, the extensional behaviour can also
be influenced by additional structural parameters like the rigidity of the
backbone and the degree and length of branching, which can influence
the interaction between the polymer chains. For example, in the case of
polymer melts, the extensional behaviour was reported to be more
pronounced for long-chain-branched polymer melts than linear polymer
melts—explained by an increase in resistance to flow by the side
branches after reaching a certain chain length sufficient for intermo-
lecular entanglements (Vasilyev, Dreval, Malkin, & Kulichikhin, 2010;
Wagner et al., 2000), and/or the ability of branches to distribute the
stress into material leading to longer relaxation time (Kasehagen &
Macosko, 1998). In this study, there was no difference in the chemical
structure of the polysaccharide extracted from different harvesting ages,
but only the size of the polysaccharide.

The observed behaviour suggests greater intermolecular interactions
between polymer chains from stage 2 than in stage 1. The presence of
high protein (~5.2 % w/w dry bases, Table 1) in the stage 1 sample may
interfere with the intermolecular interactions between MP chains,
resulting in lower #max/Ncrit, th, Ae and 7, than stage 2 sample. Simulta-
neously, the difference in the ash content of stage 1 and stage 2 extracts
(Table 1), resulting in different ionic strengths of ~14.8 mM and ~23
mM, respectively, might affect the screening of negative charges on MP.
Wee et al. (2015) reported that MP is very sensitive to the ionic strength
of the system, especially at concentrations below 200 mM. With
increasing ionic strength, intramolecular repulsion within the MP chains
reduces, making them less extended, therefore decreasing viscosity.
Thus, we tested the effect of ionic strength on the viscosity of the stage 1
sample. The ionic strength of the stage 1 sample was increased to match
the ionic strength of stage 2 sample by adding NaCl or CaCly A decrease
in the viscosity at low shear rates (0.01-1 s’l) was observed (Fig. 7); ¢ri
reduced on increasing ionic strength without affecting #pqy, thereby
increasing the #max/Nerie (—3.9). The increased fmax/Nerie for stage 1 after
adding salts was comparable to the native stage 2 sample. However, at
similar ionic strength, one would expect higher #qx/7crir for longer MP
chains from the stage 1 sample, thus, the difference in ionic strength
alone cannot explain the observed behaviour. Additionally, there may
be a critical chain length of the polysaccharide where maximum
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Fig. 5. Still images of the fluid filament during uniaxial extensional rheology experiment for mamaku gum from (a) stage 1, (b) stage 2 and (c) stage 3 as a function of
time. The onset of the elastocapillary regime, characterised by a uniform fluid filament, is marked in-dash-boxes. The time is normalised by t,, i.e., t' = t/t;, (capillary
breakup time, t, values are given in Table Al). The initial gap is L, = 1.5 mm, the final gap Ly = 4 mm and the piston diameter D, = 4 mm, giving initial and final

aspect ratios of A, = 0.38 and Ar = 1, respectively.

intermolecular hydrogen bonding is achieved, resulting in stronger
shear-thickening and extensional behaviours. The polysaccharide chains
from stage 2 fronds, upon shearing/stretching, may unfold completely
by disrupting intramolecular bonds. This will expose a greater number
of associative groups, leading to the formation of intermolecular
hydrogen bonding (Fig. 8b). As the chain length increases above the
critical length (in the case of stage 1), the intramolecular interactions
per chain may also increase, which may limit the unfolding of the chains
upon shearing/stretching. Thus, limiting the exposure of associative
groups can result in reduced intermolecular interactions than for the
shorter chain lengths of MP from stage 2 (Fig. 8a). On the contrary, as
the chain length decreases below the critical length, the polymer chains
are likely to unfold completely upon shearing/stretching, however, the
shear-thickening and extensional behaviours may reduce due to a
decrease in the number of sites for intermolecular interaction. As the
chain length decreases further, beyond a certain limit, there may be no
intermolecular interaction between MP chains to cause shear-thickening
behaviour as observed in the stage 3 MP (Fig. 8c).

Interestingly, with the increase in the concentration of MP, the #mayx/

Nerie decreases and the difference between #max/7crir for the polymers
from stage 1 and stage 2 reduces—at 10 % (W/W) max/Ncrie Was ~2.7 for
both gum samples (Table A2). The reduction in #mgx/fcrir could be
attributed to a decrease in free volume with an increase in concentra-
tion, which may limit the unfolding of MP chains and consequently,
intermolecular interactions. On the other hand, the difference in
extensional behaviour for stage 1 and stage 2 samples becomes more
pronounced with an increase in concentration (Fig. 6 and Table A1). In
addition to chain length, the extensional behaviour may also be affected
by the number of polymer chains. At a given concentration of gum from
stage 1 and stage 2, the gum from stage 2 will have a higher number of
polymer chains —because of its smaller size—thus, have more load-
bearing strands, which can result in stronger extensional behaviour
when compared to stage 1 gum (Liu et al., 2013).

5. Conclusions

This study shows the age-dependent decrease in the molecular
weight of the MP as the fronds mature, which impacted the shear and
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extensional behaviours, thus, confirming our original hypothesis. Based
on these results, young and fully grown fronds may be harvested to
extract MP—with retained shear-thickening behaviour and longer
capillary breaking time than MP from senescent (dying) fronds—for
commercial applications such as in the cosmetic, pharmaceutical, pe-
troleum and food industries. Further work on the sensitivity of MP to
industrial operations such as temperature, shear and pressure, which are
critical during the processing of MP for commercial applications, is
underway. The final aim is to use MP as an ingredient in food systems
targeting safe swallowing, satiety management, and improved colon
health.
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Fig. 8. Schematic illustration showing the unfolding of mamaku polysaccharide chains from (a) stage 1, (b) stage 2 and (c) stage 3 on shearing or stretching and

influence on intermolecular hydrogen bonds with neighbouring chains.
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