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ARTICLE INFO ABSTRACT

Keywords: We investigate structural changes of konjac glucomannan (KGM) during heat induced gelation of pre-

KO"J"ﬂ.C glucomannan deacetylated samples. We combine rheology at higher concentrations, with light scattering and AFM studies

I?elatlon y on low concentration samples. Macroscale rheology demonstrates that gelation requires both heat and alkali-
ramewor!

induced deacetylation. With Dynamic Light Scattering (DLS) we investigated the time evolution of KGM parti-
cle hydrodynamic radius (Rh) during the deacetylation reaction. Before deacetylation we observe that heating
leads to swelling of the KGM particles in solution. From the kinetics of particle aggregation, we deduce that
deacetylation itself is the rate-determining step and that aggregation occurs immediately after deacetylation. In
Atomic Force Microscopy (AFM), native KGM particles appear as compact globular objects. Consistent with the
light scattering results, we observe that heating leads to opening and swelling of these particles, and that
deacetylation leads to their interaction to each other into a network. Our DLS and AFM results help understand

Particle size
Atomic force microscopy

the microscopic origins of heat- and alkali-induced gelation of KGM.

1. Introduction

Konjac glucomamnan (KGM), is a high molecular weight, neutral
polysaccharide extracted from the tubers of Amorphophallus konjac
plants, a member of the family Araceae found in east Asia (Nishinari,
Williams, & Phillips, 1992). The main chain of KGM mainly consists of
p-mannose and p-glucose units through p-1,4-linkage in a mole ratio of
1.6:1 (Maeda, Shimahara, & Sugiyama, 1980) or 1.4:1 (Dey & Dixon,
1985). Acetyl groups attached to the saccharide units are scattered
randomly along the molecule, at approximately 1 acetyl group per 19
sugar residues at the C-6 position (Katsuraya et al., 2003). At alkaline
conditions, deacetylation leads to irreversible association of the KGM
molecules (Du, Li, Chen, & Li, 2012; Gao & Nishinari, 2004). This pro-
cess has been studied by many research groups not only from a scientific
interest but also in view of applications in the food industry, pharma-
ceutical, biomedical, cosmetic, coating, painting, and related industries
(Huang, Takahashi, Kobayashi, Kawase, & Nishinari, 2002).

An early study by Maekaji (Maekaji, 1974) concluded that, by losing
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their acetyl groups at alkaline conditions, KGM molecules associate to
each other via hydrogen bonds, leading to gel formation. More recently
it has also been emphasized that deacetylated KGM has a hydrophobic
character. This was concluded among others from the dependence of
KGM hydrogel rheology on the presence of lyotropic series of salts (Case,
Knopp, Hamann, & Schwartz, 1992; Chen., Li, & Li, 2011; Nishinari &
Zhang, 2004). A similar conclusion was drawn from fluorescence mea-
surements on KGM gelation at different DD (Xin et al., 2017). To obtain
an integrated picture that connects observations across multiple time-
and length scales, Williams et al. (2000) have studied KGM gelation
through a combination of rheology and NMR. Nevertheless, even these
authors have to conclude that “a detailed dynamical molecular level
picture of the aggregation process is lacking”. Additionally, various ki-
netic models have been proposed for the time-dependent buildup of
network elasticity by including the key steps of deacetylation and the
subsequent association of the KGM molecules to form a network (Gao &
Nishinari, 2004; Mao & Chen, 2017).

The conformational changes to the KGM molecules upon gelation
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have not yet been elucidated completely. Some authors (Jian, Siu, & Wu,
2015) find that chain sizes of KGM in solution strongly depend on so-
lution conditions, but that chain conformations are always random coils.
It appears (Zhou, Jiang, Perkins, & Cheng, 2018) that the irreversible
formation of large KGM fiber bundles is preceded by a self-assembly step
in which random coils assemble to form thin filaments.

While there is now a fair body of work on alkali induced gelation of
KGM, an integrated picture that connects observations across multiple
time- and length scales, from molecular to macroscale, would be helpful
for obtaining a deeper understanding of KGM gelation. With this in mind
we here combine macroscale observations from rheology with meso-
scale and microscale observations from Dynamic Light Scattering and
Atomic Force Microscopy, to obtain such a picture for the alkali-induced
gelation of KGM.

2. Materials and methods
2.1. Materials

Commercial konjac flour (KGM>90 wt%) was purchased from
Chengdu Xifu Biological Technology Co., Ltd. (Chengdu, Sichuan
Province, China). All the chemicals were of analytical grade, unless
otherwise specified.

2.2. Purification of KGM

Purification and Deacetylation of KGM was done according to the
method of Jian et al. (2013) with some modifications. Konjac flour
weighed 10 g was washed with 50 mL 50% (V/V) ethanol containing
0.1% sodium azide for three times so as to remove water-soluble im-
purity. After drying, the powder was degreased in 50 mL mixed solvent
of absolute diethyl ether/absolute ethanol (2:1; V/V) at 40 °C under
stirring for 8 h. Next, the degreased sample was dissolved in distilled
water at a concentration of 0.6%. Water insoluble impurities were
removed by centrifugation (Heraeus Multifuge X1R, Thermo Fisher
Scientific, Waltham, USA) at a centrifugal force of 18,000 x g for 20 min.
Then, amylase (0.5 g/L) was added to remove starch at room tempera-
ture until enzymatic hydrolysis was complete. Next, deproteinization
was carried out following the Sevag method (Li & Xie, 2006) for five
times, followed by centrifugation at 18,000 x g for 20 min. To the su-
pernatant, the same volume of ethanol (95%, V/V) was added to pre-
cipitate the KGM. The precipitate was washed with absolute ethanol and
ether. Finally, the precipitate was freeze dried to obtain pure KGM
powder.

2.3. Preparation of KGM samples with different degree of deacetylation

Preparation of KGM samples with different degree of deacetylation
was done according to the method of (Du et al., 2012) with some
modifications. KGM (10 g) was mixed with 50 ml of 50 vol% ethanol in a
water bath shaker at 150 rpm and 40 °C for 30 min. A predetermined
amount of NapCO3 was added immediately into it. The deacetylation
reaction was performed at 40 °C and allowed to proceed for 24 h. The
crude product was immersed into twice the volume of 50 vol% ethanol,
and this was repeated several times until the sample pH became neutral.
Afterward, the product was dehydrated gradually with 75 vol% aqueous
ethanol and 95 vol% aqueous ethanol, and pure ethanol. The final
products were obtained by vacuum-drying at 40 °C. By changing the
amount of NapCOs3, a series of deacetylated KGM with different DDs
were obtained.

The degrees of deacetylation of KGM corresponding to the different
amounts of NayCO3; added were determined through the a titration
method (Chen, Zong, & Li, 2006). Briefly, a dried sample of powdered
KGM was placed in a 100 ml Erlenmeyer flask with a stopper and 75%
ethanol (10 ml) was added. The mixture was stirred at 40 °C for 30 min,
followed by adding NapCOs3 with swirling. The temperature was
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maintained at 40 °C for 24 h with stirring. Excess alkali was back titrated
with 0.1 M HCI using phenolphthalein as an indicator. A blank (lacking
KGM) was titrated in parallel. The content of acetyl (w, w/w) was
calculated according to the following equation:

0= (VZ - Vl) X NHCI X Macelyl % 100% (l)

mg

where Vj is the volume of hydrochloric acid consumed for the blank in
liters, V; represents the volume of hydrochloric acid consumed for the
sample in liters, Nyc stands for the normality of the hydrochloric acid,
Mgceryt = 43 g/mol and my is the mass of the sample in grams. By
changing the amount of NayCO3 and controlling reaction time, different
DDs of KGM were obtained:

Wy — O

DD=—— x 100% (2
[O)

where g is the content of acetyl of native KGM (w/w), and w is the
content of acetyl after the deacetylation reaction.

The content of acetyl of native KGM was established to be wy =
1.82%. A series of samples at different DDs was prepared reaction of
native KGM with varying amounts of Na,CO3. The samples were labeled
as Da0-Da5. The respective degrees of deacetylation were found are Da0:
DD = 0.0% (native KGM), Dal: DD = 16.13 + 0.38%, Da2: DD = 34.13
+ 0.21%, Da3: DD = 65.84 + 0.34%, Da4: DD = 76.13 + 0.46%, and
Da5: DD = 98.29 + 0.17%. All data are averages of experiments per-
formed at least in duplicate. Reaction products were also analyzed by
SEC-MALLS (SI Figs. S1 and SI Table S1). Deacetylation did not lead to
significant degradation of the KGM, with molecular weights Mw of the
samples decreasing only somewhat, from 7.8-10° g/mol for Da0 to
6.3-10° g/mol for Da5. Using FT-IR spectroscopy, it was confirmed that
the Da0-Da5 KGM samples had been deacetylated to varying degrees (SI
Fig. $2).

2.4. Rheology

The rheological behavior of the KGM samples was characterized
using an MCR 301 rheometer (Anton Paar, Austria) with a stainless-steel
parallel plate geometry (50 mm diameter), and gap size of 1.0 mm for all
experiments. A thin layer of paraffin was applied on the edge of the
sample, in order to prevent sample evaporation. To determine the linear
viscoelastic (LVE) region for each sample, initial strain sweep tests were
performed from 0.01% to 100% at 1 Hz and at 25 °C. It was found that
strain of 0.5% was well within the linear regime and gave reproducible
results.

In a first type of experiment (temperature ramp), Na;CO3 was added
to 1% (w/v) native KGM. The sample was immediately applied on the
bottom plate of the rheometer. Next, a measurement was started in
which the stress was monitored during oscillatory strain y (0.5%) at a
fixed frequency of w = 1 Hz. During the measurement, the temperature T
was increased linearly, with a heating rate of 1 °C/min, in a temperature
range from 10 °C to 90 °C.From the data, we obtained the storage
modulus G'(w) and loss modulus G”(w) as a function of temperature, as
well as the loss factor tan § (Winter & Chambon, 1986):

G//(w)

tan 8 =—
G (w)

3

In another type of experiment (fixed temperature), which was per-
formed only for the Da5 sample, rather than using a temperature ramp,
after mixing the native KGM with the Na;COs, the sample was rapidly (5
°C/min) heated (or cooled) to a fixed temperature and the storage and
loss moduli were measured as a function of time, again at fixed strain
(0.5%) and oscillation frequency (w = 1 Hz). This experiment was
repeated for a number of temperatures.
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Fig. 1. (A) Storage modulus G'(w), (B) Loss modulus G”(w) and (C) Loss factor tan = G"/G, for KGM (1 wt%) samples with different degrees of deacetylation as a
function of temperature T. Measurements at fixed frequency @ = 1 Hz during a heating ramp with constant heating rate of 1 °C/min, for samples to which different
amounts of alkali have been added at the start of the heating ramp, corresponding to different final degrees of deacetylation, as indicated in the figure (Da0-Da5).
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Fig. 2. Gel formation for Da5 (1 wt%) during deacetylation reaction at fixed temperature Ty (after rapid heating at 5 °C/min). Storage and loss moduli G'(w) and G
(w) Da5 (1 wt%) at @ = 1 Hz as a function of reaction time for specific temperature (A) Ty = 40 °C, (B) Ty= 70 °C, and (C) Ty = 90 °C. (D) Final storage and loss moduli

G'(w) and G"(w) of Da5 (1 wt%) at @ = 1 Hz as a function of the fixed reaction temperature Ty.
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2.5. Dynamical light scattering (DLS)

Dynamic light scattering (DLS) was performed using a Zetasizer
Nano ZS (ZEN3600, Malvern Instruments Limited, UK), with He-Ne
laser (633 nm, 4.0 mW) at scattering angle of 173°. For the light scat-
tering experiments, KGM samples were diluted to a very low concen-
tration of 0.01% (w/v) such that only KGM aggregation but not KGM
gelation is expected after the addition of NaoCO3. Each measurement is
was obtained by averaging data from at least 5 runs.

Measurements were analyzed using DTS Software version 7.02
(Malvern Instruments Limited, UK) to obtain the z-averaged hydrody-
namic radius (Rp) of the KGM particles in solution. The z-averaged hy-
drodynamic radius is the average that follows naturally from the
scattering intensity-weighted diffusion constant. It is a very stable re-
porter of the particle size that is most insensitive to experimental noise.
Before loading the samples into a low volume quartz cuvette (QS, 3
mm), they were filtered using a syringe filter (Corning Incorporated,
Germany) with a pore size of 0.2 pm, and continuous measurements
were started at a fixed temperature. After 90 min, an amount of Na,CO3
was added, appropriate for a Da5 sample (corresponding to full deace-
tylation), and continuous measurement of the particle size was
continued to monitor the particle aggregation induced by the deacety-
lation reaction. This procedure was repeated for a number of tempera-
tures and initial KGM concentrations.

2.6. Atomic force microscopy (AFM)

Dilute solutions of native KGM (0.001%, w/v) and the corresponding
dilute samples to which an amount of Na;CO3 was added appropriate for
modification corresponding to a Da5 sample, were incubated at,
respectively, 25 °C, 50 °C and 75 °C, for 2 h.

Droplets of 5 pL of the incubated samples of native and deacetylated
KGM were deposited onto freshly cleaved mica surfaces. After incuba-
tion for 5 min, weakly attached particles were removed by gentle rinsing
with 1 mL of 0.2 pm filtered Milli-Q water. Finally, the samples were
slowly dried using N». Dried KGM samples on mica were imaged with a
Digital Instruments NanoScope V at room temperature, using the Sca-
nAsyst™ mode in air and using silicon nitride cantilevers. Images were
collected at 512 lines per image at scan rate of 0.5 Hz. Processing of
images consisted only of flattening (NanoScope Analysis 1.5 software).

3. Results and discussion
3.1. Linear viscoelasticity during KGM gelation process

As is well known, following heating and deacetylation, KGM forms
elastic gels, with a modulus that increases during heating (Tye, 1991).
This is illustrated in Fig. 1, which shows the development of the storage
and loss moduli G'(w) and G”(w) at an oscillation frequency of 1 Hz, as a
function of the temperature T, during a heating ramp with constant
heating rate of 1 °C/min. Immediately before the start of the heating
ramp, different amounts of alkali had been added, corresponding to
different final degrees of deacetylation (DD). For the case of KGM with
lower DD (Da0, Dal and Da2), the loss factor tan & increases with
increasing temperature up to 90 °C, indicating that no gel was formed in
the heating process for these (final) degrees of deacetylation. In contrast,
for KGM with higher DD (samples Da3, Da4 and Da5), the loss factor tan
d initially increases with increasing temperature, but then quite rapidly
starts decreasing. We deduce approximate gelation temperatures Tge| for
these samples as the temperatures for which tan § = 1. Gelation tem-
peratures for the samples Da3, Da4 and Da5 were, respectively, Tge] =
89 °C, 78 °C and 68 °C, such that gelation temperatures decrease with
increasing DD, as expected (Du et al., 2012).

Next we study in more detail the gelation of the Da5 (almost fully
deacetylated) sample. Both the storage and loss moduli G'(w) and G’ (w)
were measured (w = 1Hz) after the addition of NapCOs and rapid
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Fig. 3. Z-averaged hydrodynamics radius R of native KGM (0.01% in water)
particles as a function of time t during deacetylation reaction at different
temperatures. The samples (0.01% in water) were firstly measured at different
temperatures for 90 min to get equilibrium and obtain the effects of tempera-
ture on KGM particle size, and then Na;CO3 was added at t = 90 min and this
started the deacetylation reaction at various temperatures.

heating to a fixed temperatures Trand then maintaining the temperature
Ty until the gelation process has completed. Representative results for
the development of the storage and loss moduli as a function of time for
selected fixed temperatures are shown in Fig. 2(A)-(C). Final storage
and loss moduli G'(w) and G”’(w) (at w = 1 Hz) as a function of the fixed
reaction temperature Ty are shown in Fig. 2(D). From the latter figure it
is very clear that for the Da5 case there is indeed a critical temperature
for the gelation process of Tgey = 70 °C. Du, Li, Chen, & Li (2012)
determined the time dependence of G’ for partially deacetylated KGM
aqueous solutions at different temperatures ranging from 40 to 60 °C,
indicating that the gelation was promoted remarkably by raising
temperature.

3.2. Kinetics of deacetylation-induced KGM aggregation probed using
DLS

In order to study the microscopic changes occurring during and after
the deacetylation reaction that ultimately lead to gel formation, Dy-
namic Light Scattering (DLS) was used to measure the hydrodynamic
radius (Rp) of KGM particles (which means aggregated molecules) dur-
ing and after the deacetylation reaction at a fixed temperature T. Low
concentrations of KGM were used that will not lead to gelation, but just
to aggregation of the KGM particles. For a series of temperature, we first
measured Rp of the native KGM particles. Then, after 90 min, the
appropriate amount of NapCO3 was added to achieve the full deacety-
lation corresponding to Da5 samples and the measurements were
continued. Fig. 3 shows the time evolution of Ry, at various temperatures.

We find that sizes of initial KGM increase from ~80 nm at 25 °C to
~200 nm at 90 °C (during first 90 min). This swelling behavior suggests
that polymer-polymer interactions decrease with increasing tempera-
ture and polymer-solvent interactions become more favorable (Kruk,
Kaczmarczyk, Ptaszek, Goik, & Ptaszek, 2017). Coil sizes we find in our
aqueous solvents (especially at high temperature) are significantly
larger than those found from SEC-MALLS in DMSO with 0.5%w/w LiBr
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Fig. 4. Aggregation of native KGM (0.01% in water) in the presence of Na,CO3 at different temperature levels. Fitting curves were obtained by Origin Software 8.6.

(SI Table S1). Hence, it is very likely that the KGM in water seems to
form clusters of presumably a small number of KGM molecules.

After addition of the alkali, the KGM particles start to aggregate with
rates that strongly increase with increasing temperature. At the lowest
temperature of 25 °C, aggregation is still detectable, but it is very slow,
and the extent of aggregation is very limited. In contrast, at the highest
temperature, aggregation is rapid and the particles become as large as
500 nm. Note that in all cases the aggregation levels off at large reaction
times.

The light scattering experiment of Fig. 3 very clearly demonstrates
that higher temperatures lead to swelling but not aggregation (or gela-
tion at higher concentrations) of non-deacetylated KGM, and that the
addition of alkali (or deacetylation) is what leads to particle aggregation
(and hence to gelation at higher concentrations).

We found that the increase in the Ry, as a function of time can be very
well described by first order kinetics, i.e., a simple exponential:

Ry(t) =Ry + AR, (1 — exp(—kt)) (@)
(A) 500 T T T T
0.05 mg/ml.
QO 0.10 mg/mL
450 - QO 020 mgml. 0{ B
o
400 - -
350 B
i 300 —
e
250 -
200 —
150 - 0 A
100 . 1 . 1 I I . I
30 100 150 200 250 300 350
t(min)

This is shown in Fig. 4A. The rate constant k increases rapidly with
increasing temperature T, as shown in Fig. 4B. The kinetics of KGM
network formation induced by heat and alkali is a two-step reaction:
first, glucomannan segments of the KGM are deacetylated, and next,
KGM molecules or particles with sufficient deacetylated segments will
stick together (Mao et al., 2017):

MACSM + Ac 5)
M+M+...+M3m, )
N e

n

where MAc stands for KGM with acetyl group (Ac), while M denotes the
deacetylated KGM.

The first order reaction kinetics that we observe suggest that one of
these two steps is in fact rate limiting, thus leading to an overall first
order kinetics. Now, if aggregation step would be rate limiting, we
would expect a very strong dependence of the rate constants k on
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Fig. 5. Gelation process of native KGM (0.01% in water) with different concentrations in the presence of Na,COj3 at 75 °C. Fitting curves were obtained by Origin

Software 8.6.
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Fig. 6. The molecular morphology of native and deacetylated KGM at 25 °C, 50 °C and 75 °C via AFM. A C: native KGM at 25 °C, 50 °C and 75 °C for 30 min,
respectively. D ~ F: the zoom area of A C, respectively. G ~ I: deacetylated KGM(Da5) at 25 °C, 50 °C and 75 °C for 30 min, respectively.

concentration. Naively, in fact, we expect that the initial aggregation
would be second order in the concentration, since it involves two KGM
molecules or particles sticking together. Therefore, we next measured
the concentration dependence of the rate constant for the combined of
aggregation process (deacetylation step + aggregation step).

Fig. 5A shows the time dependence of the particle size at different
concentrations, for a fixed reaction temperature of 75 °C, as well as the
fits to simple first order kinetics. The concentration dependence of the
rate constant k at a reaction temperature of 75 °C is shown in Fig. 5B. It is
very weak, strongly suggesting that in fact it is the deacetylation reac-
tion that is rate limiting, and that aggregation takes place essentially
immediately following deacetylation. The first order kinetics we find
here is consistent with the result kinetic modeling of heat and alkali
induced KGM aggregation and gelation from Fig. 4A.

3.3. AFM imaging of KGM aggregation and network formation

Finally, we used AFM imaging in air of KGM adsorbed on mica to
obtain yet more detailed insight in structural changes at the molecular
level during heat- and alkali induced aggregation and gelation. While
making a connection between the configurations of surface-adsorbed
configurations of KGM in dried samples, and its bulk configurations in
hydrogels is not straightforward, we nevertheless believe the imaging
helps in identifying configurational transitions in KGM upon heating and
deacetylation. However, the AFM figures clearly show differences in the

molecular morphology of the different samples. First consider the
structures observed for native KGM as a function of temperature,
Fig. 6A-C and the zooms in Fig. 6D-F. Recall that DLS showed pro-
nounced swelling of native KGM particles with increasing temperature.
Consistent with this result, the AFM images show compact objects with
sizes of approximate 55.18 nm for native KGM at room temperature
(Fig. 6A, D), and much more extended fibrous objects with sizes of about
123.44 nm for KGM first heated at 75 °C and then rapidly adsorbed on
the mica (Fig. 6C, F). The latter could be consistent with earlier sug-
gestions that in fact KGM behaves as a semi-flexible polymer (Morris,
Adams, & Harding, 2014).

For KGM samples that had been heated in the presence of alkali, the
AFM images of adsorbed KGM look very different (Fig. 6G-1). For KGM
incubated in the presence of alkali at 25 °C (Fig. 6G), we observe
extended objects, possibly composed of the much smaller globular KGM
particles observed for native KGM at the same temperature, that have
aggregated as a consequence of partial deacetylation: since at 25 °C, the
deacetylation reaction is very slow, we anticipate that for the AFM
sample, it had not yet gone to completion. In contrast, for KGM incu-
bated in the presence of alkali at 75 °C (Fig. 6I), above the critical
gelation temperature for the fully deacetylated Da5 sample found from
rheometry, we observe much thinner fibrous structures that extend over
the entire surface. These may correspond to the finite-size fibrous ob-
jects also found for native KGM that had swollen at high temperature,
but which have now aggregated due to deacetylation, to form a



T. Zhang et al.

Food Hydrocolloids 114 (2021) 106552

oy & 3
SRR

. FHLA

<D
- 9
Py o o .
o e
o ¢ 3
/o @
/, \y
( < ®
\ / ®
~_~

° I Heating + Deacetylation >

Fig. 7. Schematic illustration of heat and alkali induced gelation process of KGM.

continuous network (Farris et al., 2011).
4. Conclusions

AFM has been used extensively to elucidate structural features and
changes to them for many other polysaccharides. For example, AFM has
been utilized for probing the cation-sensitive aggregation and network
formation of the microbial polysaccharide gellan (Ikeda, Nitta, Temsir-
ipong, Pongsawatmanit, & Nishinari, 2004). AFM imaging has also been
helpful in understanding network formation of xanthan gum (lijima,
Shinozaki, Hatakeyama, Takahashi, & Hatakeyama, 2007). Since AFM
by itself can be difficult to interpret, here we have combined it with
another microstructural probe, viz., DLS and with macroscale rheology.
In agreement with what has been found by other authors, we find that
the it is the deacetylation reaction itself which is rate limiting for ag-
gregation and gelation, and that essentially immediately after the re-
action, deacetylated groups of regions find each other and form junction
zones or crosslinks. The role of temperature in alkali-induced KGM
gelation is not only to speed up the deacetylation reaction itself, but we
also find that heating leads to significant swelling of KGM, and this
swelling is required to eventually form a space filling network. There-
fore, gelation only occurs when after the addition of alkali when heating
to a sufficiently high temperature. A very simple schematic representing
these finding is shown in Fig. 7. Although our work clearly demonstrated
the structural changes to KGM during alkali- and heat-induced gelation,
we have not addressed in much detail the which molecular forces are
responsible for the temperature-dependent swelling and the
deacetylation-induced formation of bonds or junction zones among
KGM molecules. Also, while the AFM images show fibrous structures
that hint a semi-flexible, possibly helical conformations of KGM,
confirmation of such configurations would require AFM images at still
higher resolutions, combined with other evidence, e.g. spectroscopy.
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