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A B S T R A C T   

We investigated the gelation characteristics of aiyu jelly derived from the polymeric extract obtained by washing 
the seeds of Ficus Pumila var. Awkeotsang. The main gel component is low methoxyl pectin, which forms 
crosslinks with divalent ions that bind the exuded polysaccharide chains. Unlike many fruit pectins used in jam 
and jellies that require heating, additional sugars, and acidic conditions to gel, the aiyu exudate gels at room 
temperature with just the addition of water. In this study, the time-resolved dynamics of the gelation process and 
the evolution of the viscoelastic relaxation spectrum with frequency and gel age are obtained via Optimally 
Windowed Chirp rheometry (OWCh), conventional time-sweep rheometry, and cryo-scanning electron micro
scope (cryo-SEM) microstructural characterization. 

During gelation, we observed distinctive frequency-dependent inflection points in both the time-evolving 
storage and loss moduli which occur nearly simultaneously in time. Close inspection of high resolution cryo- 
SEM images taken at different times during the gelation process showed that the gels initially form nano-fiber 
networks with mesh sizes on the order of tens of microns and the stiffer mature gels observed at longer times 
develop sub-micron mesh sizes. These observations suggest a progressive transformation between microstruc
tures may accompany the progressive growth in the elasticity of the aiyu gels and the local inflection points in the 
viscoelastic moduli. 

We also developed a multi-species reaction kinetics model for calcium – pectin binding in aiyu gelation. By 
including methylesterase enzymatic conversion of pectin binding sites, combined with calcium binding and the 
slower formation of consecutively-bound junction zones, the distinctive inflection points in the viscoelastic 
moduli are captured by the kinetic gelation model. By combining rheological measurements, microstructural 
observations, and reaction kinetics modeling, this study not only characterizes a unique water-soluble natural 
extract that gels at room temperature with no additives or thermomechanical processing, it also demonstrates 
that the aiyu polysaccharide system is a safe and controllable model for gelation systems in which binding site 
activation is concurrently coupled to crosslink formation.   

1. Introduction 

The fig plant Ficus Pumila var. Awkeotsang, commonly known as aiyu, 
grows natively at 800m–2000m altitude in the hills of Taiwan. Due to 
the delicate ecological balance, aiyu production is very sensitive to 
shifting climates. Recent agricultural modifications have developed new 
varieties that grow at low altitudes to meet the shifting climates and 
large weather fluctuations (Wu et al., 2007). In 2018, approximately 
700 tons of aiyu fig seeds were harvested in Taiwan (Lu et al., 2019). The 

mucilage extracted by washing the seeds of the pollinated aiyu fruit 
produces edible aiyu jelly that is served as a summer dessert. Unlike 
many pectin gels that require strong acidity and/or thermal activation to 
induce gelation (Gawkowska et al., 2018; Axelos et al., 1987; Chan et al., 
2017), aiyu seeds need only rinsing in water to produce a pectin-rich 
solution that gels at room temperature (Huang et al., 1980; Oda & 
Tanaka, 1966; Suzuno et al., 1991, 1994). As such, this system is a 
naturally packaged food solution that produces a biodegradable and 
edible gel. The fruit, seeds, and jelly are shown in Fig. 1a. Aiyu jelly has 
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also been used for stomach ailments, weight and cholesterol control 
(Durand et al., 1990; Urias-Orona et al., 2010; Wang et al., 2019). 

The physical properties of the gel produced can vary widely with the 
plant sub-variety and processing method. The maximum gel storage 
modulus can vary over two orders of magnitude, and the gelation time 
can vary by several hours. The softer jelly is often combined with sugary 
beverages, while firmer jelly is served with fruits and syrup. Currently, 
trial-and-error is used for grading the aiyu seeds for improving gel 
processing and properties. With physical characterization and funda
mental understanding of the gelation mechanism, significant improve
ments in controlling the desired gel properties could be realized. 

The active gelling ingredient in aiyu extract is poly-galacturonic acid 
(PGA), present in high amounts in the mucilage that is extracted by 
washing the seeds (Huang et al., 1980). PGA is also the active gelation 
agent in pectins extracted from fruits. The physical differences in the gel 
microstructure and stress response between various fruit pectins can be 
attributed to the PGA methyl ester side group content, which is desig
nated as the degree of methylation (DM) (Chan et al., 2017; Durand et al., 
1990; Jiang et al., 2001; Ngouemazong et al., 2012a). For high DM PGA, 
crosslinking between PGA chains occurs by hydrogen bonding and re
quires high temperature and low pH, such as used in common recipes for 
preparing fruit jams. For low DM PGA, the methyl ester side groups are 
cleaved by enzymatic action and converted to carboxylic acid. The 
carboxylic acids dissociate in water at pH between 5 and 6 and form 
ionic bonds with solvated ions. The reversible ion-PGA bond strength is 
comparable to thermal energy with frequent binding/unbinding events. 
The dynamic nature of this process is captured by an “egg-box model”. 
The model proposes that divalent ions, often calcium, act as bridges and 
form consecutively bound stable nano-crystalline “egg-box” junction 
zones (denoted JZ henceforth) that crosslink solvated PGA chains 
(Durand et al., 1990; Garnier et al., 1993; Grant et al., 1973; Ventura 

et al., 2013). The JZ length in the calcium-pectin systems has been 
estimated to be greater than a critical length lc that varies between 6 ≤ lc 
≤ 20 consecutive bridging sites depending on the measurement method 
(Braccini & Pérez, 2001; Luzio & Cameron, 2008; Ventura et al., 2013). 

The chemical composition of aiyu seed extract has been analyzed by 
inductively coupled plasma emission spectroscopy and other methods 
(Huang et al., 1980; Suzuno et al., 1997). Due to the variability of seeds 
and methodology, PGA content typically varies from 50 to 65 percent of 
the dry matter. Similarly, the methoxyl group weight content in PGA 
varies from 4 to 10%, with “high methoxyl” (HM) content designating >
7% by weight (and DM > 50%), and “low methoxyl” (LM) content < 7% 
(and DM < 50%). The extract also contains small amounts of inorganic 
elements (≈0.95 g Ca, 5 g K, 0.37 g Mg, and 0.35 g P in 100 g of dry 
matter) that are critical participants in forming a physical gel. Further
more, Huang and coworkers identified pectin methylesterase enzyme in 
the extract that converts HM PGA to LM PGA, cleaving the methyl ester 
side group –COOCH3 to form carboxylic acid groups –COOH, which 
progressively increases the number of binding sites for ions to bind PGA 
chains (Huang et al., 1980). The enzyme activity was found to be sen
sitive to temperature, pH, and NaCl concentration. Under normal con
ditions for preparation of aiyu gel (room temperature with tap water), 
the gelling process varies with the solution ion concentrations, PGA 
polymer content, and the ion-polymer binding strength. However, 
chemical composition analyses have not been shown to be quantitative 
predictors of physical gelation characteristics such as the gelation time 
and the gel modulus. 

In this study, we report the physical characterizations of the muci
lage extracted from one type of commercially purchased aiyu seeds. We 
examine how the extract dry weight and solution viscosity depend on 
the seed concentration. We also investigate how the gelation time and 
the maximum viscoelastic moduli of the mature gel evolve and depend 

Fig. 1. (a) Counter clockwise from bottom left – a ripe aiyu fruit, an aiyu fruit that is turned inside out and dried, aiyu seeds, aiyu jelly with lemon; (b) Extract dry 
weight as function of the seed weight added to deionized water. The solid line is a linear fit with slope of 0.088; (c) Extract viscosity η relative to water (ηs) as a 
function of the estimated PGA concentration in the diluted extract. The solid line is a linear regression fit with slope of 3.45 L/g. 
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on NaCl and CaCl2 concentrations. From these observations, we propose 
a gelation model based on established reaction kinetics to capture the 
unexpected trends observed in the temporal evolution of the viscoelastic 
moduli for the evolving aiyu gels. 

2. Methods 

The average sample weight of a single aiyu seed (obtained from 
Greenself Co, USA) was 2 ± 0.4 mg, measured by counting 324 seeds. 
Aiyu extracts were prepared by mixing seeds and deionized water (DI 
water, > 106 Ω-cm), with or without added NaCl and CaCl2. The mixture 
was stirred at 1400 rpm for either 30 or 60 min, after which the seeds 
and the aqueous extract were separated. Approximately 20 mL of the 
extract was immediately loaded into the rheometer sample cup for 
rheometry measurements. 

Another 15 mL of the extract was reserved for freeze drying to obtain 
the dry weight measurements. Aqueous aiyu extracts were placed in 
plastic tubes and flash frozen at − 80 ◦C for 1 day. The tube was then 
pumped down to less than 70 Pa to dry by sublimation for one day. The 
freeze-sublimation process was repeated once more. As shown in Fig. 1, 
mixing 2.0 g of aiyu seeds in 100 mL DI water for 60 mins at 1400 rpm 
extracted 0.15 ± 0.01 g dry matter. For 3.0 g of aiyu seeds in 100 mL DI 
water, 0.26 ± 0.02 g dry matter was extracted. We assume approxi
mately 60% of the dry matter is PGA based on prior composition analysis 
(Suzuno et al., 1997). There is very good agreement between samples 
prepared by mixing for 30 min and 60 min. The dried sample weight 
exhibits a linear dependence on the seed concentration and very little 
dependence on the mixing time. We thus expect a corresponding in
crease in the PGA and ion concentration with the mass concentration of 
seeds used to produce gels. The electrical conductivity (σ) of the extract 
from 3.0 g seeds in 100 mL DI water was found to be σ ≈ 500 μS/cm 
using a conductivity meter (Horiba Scientific). The conductivity also 
varied linearly with the seed concentration, indicating that the ratio of 
solvated ions to PGA chains remains constant. 

The zero-shear rate viscosity of the aiyu extracts was measured with 
a capillary viscometer (Cannon-Fenske, size 50). Seed weights of 0.5 g, 
1.0 g, and 1.5 g were mixed with 50 mL of DI water (conductivity < 1 
μS/cm) and stirred at 1400 rpm for 30 mins or for 60 mins at 22 ± 1 ◦C. 
The extracts were subsequently diluted by factors of 5, 10, 20, 50, and 
100 with DI water to prevent gelation during the viscometry measure
ments. We estimate the PGA weight in the diluted samples from the dry 
matter fraction as reported in Fig. 1b. The intrinsic viscosity [η] of the 
diluted extract is approximately 3.45 L/g as determined from the slope 
of the best fitted line shown in Fig. 1c. We can also independently es
timate the theoretical expected value of the intrinsic viscosity using the 
relationship (Graessley, 1980) [η] = 0.77/c*, where c* = Mw/(4/3 π NA 

Rg
3) is the coil overlap concentration and Mw is the average molecular 

weight, and NA is Avogadro’s number. The PGA molecular weight Mw is 
reported to be between 2 and 4 MDa, and the radius of gyration Rg ≈

150 nm based on dynamic light scattering measurement (Suzuno et al., 
1997). Using Mw = 2 MDa, we calculate c* ≈ 0.24 g/L and [η] = 0.77/c* 
≈ 3.28 L/g, which is in good agreement with the measured value. In 
addition, these values for aiyu molecular dimensions are consistent with 
another independent measurement (Axelos et al., 1987) that determined 
the PGA persistence length to be lp ≈ 4.5 nm. With a monomer gal
acturonic acid (GA) molecular weight of 194 Da, the degree of poly
merization is Np ≈ 10000 (using Mw = 2 MDa), and the estimated radius 
of gyration is Rg ≈ 180 nm assuming an ideal random coil polymer 
conformation. 

Optimally Windowed Chirp Rheometry (OWCh) measurements were 
conducted at the Hatsopoulos Microfluids Laboratory (MIT) with the TA 
ARES G2 rheometer using a concentric cylinder geometry (stainless 
steel, with bob diameter of 27.66 mm, cup diameter of 30 mm, and an 
operating distance of 3.6 mm above the base). The measurements were 
conducted at 22 ± 1 ◦C. Additional rheometry measurements were 

conducted at the Institute of Physics (AS) using the Anton-Paar MCR 301 
rheometer with the CC-27 concentric cylinder geometry (stainless steel, 
with bob diameter of 26.66 mm, cup diameter of 28.92 mm, and an 
operating distance of 6.5 mm above bottom). Sample preparation fol
lowed the same procedures. For the experiments on the MCR 301, we 
performed time sweeps at a fixed oscillation frequency of ω = 10 rad/s 
and 1% strain at 23 ± 1 ◦C, in the linear viscoelastic regime. 

For the OWCh experiments, the following protocol was performed 
after the sample was loaded in the measuring cup: (a) a time sweep at a 
constant frequency of 10 rad/s and 1% strain until the storage modulus 
G′(ω, t) began to increase rapidly and approach the same order of 
magnitude as the viscous loss modulus G"(ω, t). (b) Short exponential 
chirps with frequency and amplitude modulation were then performed 
repeatedly until the time-evolving viscoelastic moduli approached their 
peak values. The OWCh method applies a windowed exponential chirp 
signal to the sample (Geri et al., 2018), with a frequency window range 
of 0.3 ≤ ω ≤ 30 rad/s that varies over a signal period of Δtchirp = 15 s. (c) 
Finally, as the rate of sample mutation slowed in the mature gel, discrete 
frequency sweeps at intervals of approximately 30 min were again 
performed. As the gelation reaction during the seed washing process is 
unknown and hard to capture, we assume the reaction initiates from the 
very beginning of the washing process, using the total time as the time 
from the start of extraction, t = (tstir + trheo), where the stirring time is 
tstir and the rheometry observation time is trheo. 

To observe microstructural evolution, aiyu extract was prepared and 
loaded for rheometry. At the same time, cryo-scanning electron micro
scopy (cryo-SEM) was performed (FEI ESEM Quanta 200, Thermo Fisher 
Scientific, US). A millimeter-sized droplet of aiyu extract was placed on a 
plastic membrane (PALL Corporation, US). The sample and the mem
brane were loaded onto a stage with Tissue-Tek® O.C.T. compound 
(Sakura Finetek, Japan) and swiftly frozen by soaking into liquid ni
trogen for about 30 s. The sample was then placed in the vacuum 
chamber for sublimation at − 75 ◦C for 25 min before imaging with SEM. 

3. Results 

3.1. PGA concentration affects gelation time and moduli 

We anticipate that increasing the number of washed seeds per unit 
volume will increase the extracted PGA concentration, with significant 
consequences for the subsequent gelation characteristics. As shown in 
Fig. 2a, the gelation onset appears progressively earlier as the seed 
concentration is increased. In this study, we identify a good estimate for 
the gel point tgel to be the time at which the storage and loss moduli are 
equal, i.e. G′(ω, t) = G"(ω, t), rather than the time at which the phase 
angle tan(δ) = G"/G′ is constant for all ω. Due to the small initial mag
nitudes of both G′ and G" (≈0.01–0.1 Pa), individual measurements can 
fluctuate significantly, and we are able to more accurately interpolate 
the data to find the time at which G′ = G". 

As the seed concentration increases from 1.5 g to 3.0 g per 100 mL, 
the gelation time decreases from tgel ≥ 3000 s to less than 10 s after 60 
min mixing. However, because the extraction process involves unpuri
fied natural ingredients, we observe large variations in tgel for different 
samples with identical preparation, as shown in Supplementary Mate
rials Fig. S1. The common qualitative features of the gelation process can 
be broken down into five distinct phases: (I) the pre-gel phase in which 
G′ < G′′ until G′ increases sharply towards G"; (II) the gel point tgel (taken 
here for simplicity as G′ = G′′) through which both G′ and G′′ rise sharply 
with time; (III) the loss modulus G′′ passes through a local maximum 
followed by a minimum, after which G′′ begins a final increase at a time 
we denote t*(this time also corresponds to a concurrent inflection point 
in G′ in many cases); (IV) the mature gel reaches the maximum storage 
modulus; (V) finally, at longer times the gel undergoes syneresis during 
which both G′ and G′′ slowly decline at long times. 

The time evolution of the viscoelastic moduli of a set of extracts 
prepared in the same way all exhibit self-similarity when the evolution 
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time is referenced to tgel, as shown in Fig. 2b. In particular, the reduced 
time t*/tgel for both the storage and loss moduli become quantitatively 
similar across many individual samples, as shown in Fig. S1 in Supple
mentary Materials. The sample-to-sample variations in tgel, along with 
the consistent trends in the evolution observed with reduced time t*/tgel, 
support a model of two successive kinetic processes – with the later 
process dependent on the products of the earlier process. From previous 
literature (Durand et al., 1990; Huang et al., 1980), we identify the early 
process as the enzymatic activation of binding sites and the subsequent 
gelation process as the calcium to pectin binding. Fig. S1 also shows that 
tgel and t* possess a distinct correlation when we rescale the experiment 
time by tgel for different seed weights, and for variations in the con
centration of [NaCl], and [CaCl2], which indicates that crosslink for
mation (from pectin calcium binding) is dependent on the enzymatic 
activation process. 

In the early stages of the gelation process, intermolecular crosslinks 
gradually form, corresponding to the increase in G′ as the network 
percolates the entire sample volume. The number of elastically-active 
segments (EAS), i.e. the number of segments between intermolecular 
crosslinks, is directly proportional to the number of crosslinks and re
flected in the growth of the elastic modulus. As the crosslinked network 
forms, both G′ and G′′ increase with time, as is typical of many gelling 
systems; however, the observation of a local minimum and maximum in 
G′′ with a corresponding inflection in G′ is unusual and previously un
reported to our knowledge. As the gelation process involves calcium 
binding to enzyme-activated PGA binding sites, we hypothesize that this 
distinctive inflection may be due to a progressive change in the char
acteristics of the crosslink distribution, i.e. a transformation of bound 
segments from shorter transient intermolecular associations to stronger 
and more long-lived junction zones (JZ) consisting of consecutively 
bound crosslinks. 

As the initial seed concentration increases from 2 to 5 g/100 mL, the 
extracted PGA and ion concentrations also increase linearly. The aver
aged values for both tgel and t* decrease as the seed concentration in
creases, as shown in Fig. S1. We also find that the delay time Δt* = t* ̶ tgel 
between crosslink re-arrangement remains nearly constant between 
2000 and 3000 s, while t*/tgel increases from t*/tgel = 1.3 to t*/tgel = 1.6 
as the seed concentration increases. This indicates that the transition to a 
stiffer network is dominated by junction zone (JZ) crosslinks, which 
depend on chain segment re-arrangements and calcium unbinding/ 
rebinding, and is weakly dependent on the seed concentration. A plau
sible explanation is that the re-organization of crosslinks, given that the 
ratio of binders (calcium) and binding sites is independent of concen
tration, takes roughly the same amount of elapsed time for all seed 
concentrations studied. However, the initial gelation event (and thus 
tgel) decreases with increasing seed concentration, the normalized “re- 
organization time” t*/tgel thus increases with increasing seed 
concentration. 

Finally, although we observe gel syneresis at long times, both visu
ally and in the measurements of the viscoelastic moduli, the total 
elapsed times at which syneresis occurs are not always consistent with 
each other. In several samples, the elastic modulus of the gel remained 
close to its maximum value long after the gel visually exuded a signifi
cant amount of water. This discrepancy may be due to how the gel ad
heres to the test fixture surfaces. Although these complications may be 
overcome with different surface treatments or test geometries, we do not 
systematically investigate gel syneresis in this study. 

3.2. OWCh results 

The frequency dependences of the viscoelastic moduli during gela
tion are computed from the resulting stress response to the windowed 
exponential chirp. Fig. 3a shows that G′ increases and G′′ decreases as 
the frequency ω increases from 0.3 to 10 rad/s. The inflection point in G′

appears unchanged with frequency, while the plateau in G′′ becomes 
lower and flatter as ω increases. To compactly characterize the material 
response, we consider a fractional Maxwell model for critical gels as in 
previous works (Geri et al., 2018; Jaishankar & McKinley, 2013; Koeller, 
1984). For a slowly time-evolving linear viscoelastic system, the 
modulus can be written as 

G(t; t
′

− t) =
G(t)

Γ[1 − α(t)](t
′ − t)− α(t) (1a) 

Or, equivalently, by taking a Fourier transform of this expression and 
assuming the rate of change in α(t) is small (i.e. the mutation number of 
the material is very small), we obtain the following expression for the 
real and imaginary parts of the complex moduli: 

G′

(ω, t) = G(t)ωα(t) cos
(

απ /2
)

G′′(ω, t) = G(t)ωα(t) sin
(

απ /2
) (1b) 

In Eq. (1a), G(t; t′ − t) is the relaxation modulus of the slowly aging 
gel at an arbitrary time and the time increment (t′ − t for t′ > t and 
(t′ − t)/tgel≪1) represents the elapsed time following an imposed 
loading event at time t. Here Γ(s) is the Gamma function of s. The ex
pressions in Eq. (1) allow us to verify the fractional power law depen
dence of the gel through either step strain experiments or rapid 
frequency sweeps performed over short durations compared to the rate 
at which the gel is evolving or mutating. In Eq. (1), G(t) is the frequency- 
independent quasi-property characterizing the ‘gel strength’ (Jaishan
kar & McKinley, 2013) at time t, with units of Pa⋅sα. The gel strength can 
be also found from measurements of the elastic and storage modulus at a 
time t by combining the expansions in Eq. (1b) to give 

Fig. 2. The storage moduli (filled squares) and the loss moduli (hollow circles) for (a) time sweep at 10 rad/s, strain γ0 = 0.01, for aiyu extract concentrations of 1.5 g 
(green), 2.0 g (blue), and 3.0 g (black) per 100 mL DI water. (b) Several independent measurements in which time is rescaled by tgel for 2.0 g/100 mL (solid lines) and 
2.5 g/100 mL (dashed lines) more clearly illustrating the characteristic phases in the evolution of the storage (black) and loss (red) moduli of several repeated 
measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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G(t)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(G′
(ω, t))2

+ (G′′(ω, t))2
√

ωα(t) (2) 

The power law exponent α(t) captures the weak frequency depen
dence of the gel at time t and can be conveniently obtained from the 
phase angle 

tan(δ(t) ) =
G′′(ω, t)
G′
(ω, t) and α(t) = 2

π δ(t) (3) 

Fig. 3b shows that the evolution in G(t) is indeed frequency inde
pendent, indicating that the simple two-parameter model described by 
Eq. (1) adequately captures, in a compact way, both the power law 
frequency dependence and the time-evolving strength of this slowly 
evolving gel. 

The power-law exponent of the growing network decreases from α ≈
0.5 near tgel and reaches a steady value 0.02 ≤ α ≤ 0.03 for t > 7500 s. 
The inflection point in G′(ω, t) is also distinctly observable in the evo
lution of the quasi property, or gel strength, G(t) at t ≈ 6000 s. This is 
consistent with the observed physical process — the washed extract is a 
viscoelastic polymeric solution in the beginning and progressively 
transforms into a loosely connected hydrogel that then progressively 
stiffens over time. Fig. 3b shows the evolution of α(t) computed from 
measurements at ω = 1.0, 3.8, and 10 rad/s. The curves all appear to 
cross near the gel point, within small fluctuations due to noise in the 
small values of the complex modulus at short times. 

To further investigate the frequency dependence of the modulus with 

time, we choose four time points indicated by the triangles in Fig. 3a. We 
consider the instantaneous viscoelastic properties at t = 4233, 4500, 
5400, 6900, and 8400 s obtained using an optimally windowed chirp 
(which takes only an elapsed test time Δtchirp = 15 s, with Δtchirp ≪ tgel). 
As shown in Fig. 4a, the elastic modulus G′(ω, t) increases by more than 
100-fold as the gelation process evolves from tA = 4500 to tD = 8400 s, 
while the loss modulus G′′ also increases by more than 10-fold. In the 
early stage of gelation (within 600 s after the crossover time which we 
use to identity tgel ≈ 4100 s), both G′ and G′′ still show a clear frequency 
dependence. After 1 h, as the gel network reaches maximum strength, G′

becomes nearly independent of ω, and G′′ now decreases slowly with 
increasing frequency. At t = 4233 s (near tgel), Fig. 4b shows that the 
average value of the phase angle is tan(δ) ≈ 0.97, corresponding to δ =
0.77 and α = 0.49. We can also apply Eq. (1b) to find good agreement 
between the measured modulus over a wide range of oscillatory fre
quencies (as shown by the black line in Fig. 4a), which is consistent with 
critical gel theory (Winter & Chambon, 1986). 

For tA = 4500 s, the average value of the phase angle has dropped to 
tan(δ) ≈ 0.41 because G′ grows more rapidly than G′′ for t > tgel in Stage 
II. We thus find that α(tA) = (2/π) δ = 0.26. By applying Eq. (1b), we find 
that the two parameter fractional viscoelasticity model again nicely 
captures the measured frequency dependence of G′(ω, tA) and G′′(ω, tA) 
with a fitted value for G(tA) ≈ 0.5 Pa⋅sα as shown in Fig. 4a by the blue 
line. This agrees well with the estimated value for G(tA) ≈ 0.55 Pa⋅sα in 
Fig. 3b. Near tA = 4500 s, tan(δ) also remains nearly constant for 0.6 < ω 
< 10 rad/s. By comparison, at longer times, tan(δ) decreases weakly 

Fig. 3. (a) Evolution of the time-evolving storage modulus (squares) and loss modulus (circles) measured at ω = 0.3 (red), 1.0 (blue), and 10.0 (black) rad/s for aiyu 
extracted with DI water at a concentration of 3.0g/100mL (stirred at 1400 rpm for 30 min). The triangles correspond to the selected times for the frequency sweeps 
shown in Fig. 4. (b) Evolution in the exponent (α) and the gel strength (G) with time for the fractional spring-pot model (shown schematically in the inset). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Evolution in the linear viscoelasticity of aiyu gel extracted with DI water containing 3.0 g/100 mL seeds stirred at 1400 rpm for 30 min (tgel ≈ 4100 s). (a) 
Frequency sweeps showing the time evolution in the dynamic moduli. (a), with G′ (filled symbols) and G′′ (hollow symbols) for t = 4233 s (black circles), 4500 s (blue 
triangles), 5400 s (green right triangles), 6900 s (red down triangles), and 8400 (black squares) s after 30 min mixing (from bottom to top). The grey region indicates 
the sample inertia limit, below which the oscillatory measurements are not reliable. The black dashed line at t = 4233 s corresponds to the prediction of Eq. (1b) with 
α = 0.49 and G(t) ≈ 0.1 Pa⋅sα. The blue solid and dashed lines at t = 4500 s correspond to Eq. (1b) with α = 0.26 and G(t) ≈ 0.5 Pa⋅sα. (b) Evolution in tan(δ) for the 
same data set, with data points that lie below the sample inertia limit removed. The black dashed line shows log (tan (δ(t = 4233 s))) = 0.00 ± 0.14, and the blue 
dashed line shows log(tan(δ(tA))) = − 0.38 ± 0.06, each averaged over 1.0 < ω < 12.0 rad/s. The standard deviations are shown as bars. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with frequency. The progressive flattening of the curves and the weak 
power-law slopes evident in Fig. 4a indicate a steady increase in the 
dominant relaxation time of the gelling system, which is characteristic of 
a soft glassy response (Winter 2013). 

The evolution of the frequency exponent α from α ≈ 0.5 near the gel 
point to α(tgel) ~ O (0.01) at longer times illustrates the steady evolution 
of the fractal structure of the network and the corresponding mechanical 
properties. Near the gel point the fractal dimension of a critical gel, as 
discussed by Muthukumar and Winter (Muthukumar & Winter 1986), 
can be computed to be ds = 2 (1/α − 1) = 2 for α = 0.5. The OWCh 
measurements provide a previously unattainable frequency spectros
copy of the slow transition in the aiyu jelly from a viscous fluid to an 
elastic network and some insights into the slowly evolving fractal nature 
of the gel network as it develops. 

3.3. Microscopy 

We performed time-synchronized cryo-scanning electron microscopy 
(cryo-SEM) with our rheological measurements throughout the gelation 
process. An aliquot of the gel extract was set aside as the remainder was 
loaded into the rheometer, and droplets from this sample were frozen 
and then sublimated at selected times just before (A) tgel, (B) near t*, and 
(C) at long times corresponding to the fully developed gel, as indicated 
by the dashed lines in Fig. 5a. As shown in Fig. 5b, a highly porous 
network formed before the gelation point (A). The pore sizes range from 
hundreds of nanometers to microns. The pores appear to be bounded by 

thin fibrous sheets with sheet width wsheet of tens of microns and 
thickness of hundreds of nanometers. The higher magnification image 
shows populations of locally well-formed pores with large gaps in which 
short, thin fibers with width of a few hundred nanometers (Region I) are 
mixed with fibrous sheet-like walls (Region II). These structures are very 
similar to the fibrous networks observed in LM pectin gels (Kyomugasho 
et al., 2016). As the gelation progresses to near the inflection time t* (B), 
we observe loose meshes of stiff nano-fibers that are tens of microns 
long. As the gel matures (C), fine fibrous networks with sub-micron 
mesh size are observed. As expected, the network mesh size of the 
polymer network steadily decreases as gelation progresses and the 
storage modulus steadily increases. 

3.4. Effect of salt addition on gelation dynamics 

Based on previous chemical analyses (Suzuno et al., 1997), the two 
most common inorganic species in aiyu extract are potassium (5.2 g per 
100 g of dry matter) and calcium (0.95 g per 100 g of dry matter). For 
aiyu extract prepared from 2g seeds in 100 mL DI water, we obtain 0.15 
g of dry matter as shown in Fig. 1b. We thus estimate that there are 
approximately 2.0 mM of K, 0.36 mM of Ca, along with trace amounts of 
Na in the extracted material. The high concentrations of monovalent 
ions such as K+ found in the aiyu extract can bind with the acid side 
groups but cannot form crosslinks. Furthermore, intermolecular elec
trostatic interactions are modulated by the solvent ionic strength. 
Measurements show that in solutions with large amounts of monovalent 

Fig. 5. Cryo-SEM images of aiyu jelly (2.0 g/100 
ml) during the gelation process after 60 min mixing. 
(a) Evolution of the loss modulus (red dashed line) 
and the storage modulus (red solid line) with time 
at a frequency of ω = 10 rad/s. The dotted lines 
indicate the time at which the imaged samples are 
frozen; (b) cryo-SEM microscopy images with low 
(top) and high (bottom) resolutions at (A) 90 min, 
(B) 165 min, and (C) 240 min. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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ions, only around 50 percent of stoichiometric Ca2+ are strongly bound 
to PGA at equilibrium in the pectin-calcium system (Morris et al., 1982), 
and a similar ratio is expected for aiyu gels. 

We also consider the effect of adding NaCl with concentrations up to 
0.2 M to the aiyu extract. We expect [NaCl] addition will increase the 
ionic strength, reduce the electrostatic screening length and thus reduce 
inter-PGA electrostatic repulsion. Furthermore, enzyme activity may be 
inhibited at high ion concentrations (Huang et al., 1980). In addition, 
monovalent Na + competes with Ca2+ for binding sites even though the 
monovalent ions cannot form crosslinks. Thus, the effect of increasing 
[NaCl] on tgel and t* is not clear, as shown in Fig. S1b. However, the 
delay time (t*− tgel) and the ratio t*/tgel consistently decrease as the 
monovalent ion concentration increases. This is consistent with the 
assertion that weaker inter-chain electrostatic repulsion results in 
increased likelihood for contacts between polymer segments, thus 
increasing binding between neighboring segments to form junction 
zones and larger aggregates, such as the sheet-like structures and elon
gated fibers observed with cryo-SEM in Fig. 5. 

We also investigate through CaCl2 addition how increasing the 
concentration of calcium ions affects gelation. As shown in Fig. S1c, we 
find tgel and t* decrease slightly upon increasing the calcium concen
tration, which can be attributed to the increased availability of the 
calcium crosslinkers. The qualitative characteristics observed in the 
time-evolving viscoelastic moduli are similar upon increasing [CaCl2] 
from 0 to 4 mM in DI water during aiyu extraction. All PGA binding sites 
become occupied upon reaching the theoretical maximum binding ratio 
given by 2 [Ca2+]/CGA = 1. The GA concentration can be calculated to 
be CGA ≈ 4.5 mM for a seed concentration of 2 g/100 mL, as determined 
from the estimated PGA weight fraction (60%) of the total dry weight 
(Suzuno et al., 1997) (corresponding to ≈ 0.15 g/100 mL, from Fig. 1b) 
and the GA molecular weight of 194 g/mol. Thus, the theoretical cal
cium concentration at which all binding sites are crosslinked is expected 
to be [Ca2+] ≈ 2.3 mM. 

Fig. S1c shows that t*/tgel increases as the molar concentration of 
calcium is increased up to [Ca2+] ≈ 2 mM, then t*/tgel decreases for 
[Ca2+] = 3 and 4 mM. This non-monotonic variation may be attributed 
to how calcium addition affects the early enzymatic conversion process 
differently than the later junction zone re-organization process. From 
Fig. S1c, we find that the average value of tgel decreases significantly as 
the calcium concentration increases up to [Ca2+] ≈ 2 mM, followed by 
very little subsequent change with further increase in [Ca2+]. This may 
indicate a couple of possible mechanisms, including the inhibition of 
enzyme activity at high [Ca2+] and also a decreased binding rate due to 
increased electrostatic screening. We also find the crosslink re- 
arrangement delay time (t*− tgel) decreases upon increasing calcium 
concentration, which indicates the microstructural transformation to a 
junction zone crosslinked network becomes accelerated with increased 
availability of calcium ions. The combined influences of calcium on 
these two processes contribute to the experimentally observed varia
tions of t*/tgel. 

4. Discussion 

Our observations raise many interesting questions about aiyu gela
tion. For the same seed concentration, variations in the measured dry 
weights of the extracts are much smaller than the large sample-to- 
sample variations in tgel and t*, while the reduced or re-scaled time t*/ 
tgel exhibits much smaller variance. Could the source of this variation be 
solely attributed to variations in enzyme activity and the initial degree of 
methoxylation? Here, we attempt to model the broad features of the 
gelation process using a simple reaction kinetics system combined with 
elementary elastic network theory. 

We first estimate the aiyu extract viscosity and gel elasticity based on 
the observed parameters. We use the intrinsic viscosity estimated from 
the PGA molecular weight, [η] = 3.28 L/g, and the dry weight of 0.15 g/ 
100 mL for a seed concentration of 2 g/100 mL to estimate the initial 

value of the loss modulus G" in the sol. The linear relationship G′′ = ωη 
connects the viscosity with the loss modulus, given by 

G′′ =ωη ≈ ωηs
(
1+ [η] Cp

)
(4)  

where the solvent viscosity ηs = 10− 3 kg/m s, ω = 10 rad/s is the 
oscillatory frequency, and Cp ≈ 0.80 g/L is the PGA weight concentra
tion (60% of the total dry matter mass). Eq. (4) gives G"≈ 0.0058 Pa, 
which is in reasonable agreement with the measured value for the pre- 
gel extract liquid shown in Fig. 2a. 

A rough estimate of the magnitude of the storage modulus in the gel 
can be obtained from the number of potential crosslink bonds that can be 
formed, which depends on the concentration of galacturonic acid groups 
on the PGA and the concentration of calcium ions. We estimate the GA 
molecular concentration CGA = 1000Cp/MGA ≈ 4.5 mol/m3 = 2.7×1024 

molecules/m3 from the molecular weight of the GA repeat unit MGA =

194 g/mol and the amount extracted in the dry matter shown in Fig. 1b. 
We also estimate the calcium ion concentration to be [Ca2+] ≈ 0.36 mM 
for a seed concentration of 2g seed/100 mL and the reported amount of 
[Ca2+] ≈ 1 g/100 g in the dry matter (Suzuno et al., 1997). With [Ca2+] 
< 0.5 CGA, calcium concentration is the limiting factor for the number of 
crosslinks. 

If every calcium ion formed a crosslink across two galacturonic acid 
sites, we can expect an upper limit of the elasticity at fully random 
binding to be GN = n kBT ≈ 880 Pa, where n is the number density of 
crosslinks with a thermal energy scale kBT = 4.1×10− 21 J (at T = 298 K). 
If we further consider that the stable crosslinks formed at longer times 
consist of consecutively bound segments and the estimated average 
length of the stable crosslinks that develop in the “egg-box model” is 
reported (Ventura et al., 2013) to be between 6 and 10, we may antic
ipate that the average distance between crosslinks will be larger than the 
value estimated above and the plateau modulus of the mature gel may be 
GN ~ O (100 Pa), which agrees well with the observed storage modulus. 

We seek to understand the gel formation dynamics observed in the 
frequency chirp and time sweep measurements. For physical networks 
with constant bond breakage and reformation with a binding equilib
rium constant Kbind, Hermans (Hermans, 1965) derived an expression 
for the network modulus GN = (kBT/2f Kbind)[(a/ac) (2 – Wg) – 2)](a/ac) 
Wg, where f is the crosslink functionality, a is the binding fraction, ac =

1/f is the critical gelation fraction, and Wg is the weight fraction of the 
gel. This model anticipates that once the network percolates and be
comes elastic at the critical binding fraction ac, the density of elastically 
active segments increases proportional to [(a/ac)2(2 – Wg) – 2(a/ac)], 
which approaches zero at the gel point when a = ac and Wg = 0. This 
expression accurately captures the sharp onset of elasticity and the 
increasing values of the storage modulus with increasing crosslink 
density. However, this model does not predict an inflection point in the 
evolution of the storage modulus with time. 

Previous studies of gelation in calcium-pectin systems have empha
sized the importance of the slow formation of long, consecutively 
bonded junction zones (JZ) in network formation (Ngouemazong et al., 
2012a, 2012b). To describe the observed inflections in the evolution of 
the complex modulus, we hypothesize that the aiyu gel network com
prises of an early weak gel stage consisting of transient crosslinks be
tween PGA binding sites that break and reform at rates that depend on 
the salt concentration and other factors, and a later mature stage with 
slower-forming but more stable junction zone crosslinks, as illustrated 
schematically in Fig. 6a. For simplicity, we assume that the observed 
values of the viscoelastic moduli linearly combine contributions from 
these different and coexisting crosslinked networks. Rubber network 
theory predicts that the modulus of the network should be proportional 
to the number of elastically active strands (EAS). For networks with 
fixed numbers of binding sites, the number of elastically active strands 
increases with the number of crosslink bindings. A local inflection or 
decrease in the evolution of viscoelastic modulus with time reflects some 
new mechanisms that retard the growth of the number of EAS or even 
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decrease the number of EAS briefly. In an evolving system such as aiyu 
with an increasing number of total binding sites (which are being 
formed through enzymatic action), the growth of the number of EAS can 
plateau if new bonds are formed directly adjacent to existing bonded 
sites (to form a junction zone), and decreases if newly formed bonds 
merge two neighboring short JZs into one larger one. A transition from 
many weak reversible physical crosslinks into a smaller number of 
strongly crosslinked junction zones could thus account for the 
time-evolving trends observed in G′ and G′′. Here, we incorporate these 
elements into a reaction kinetics scheme and test whether our hypoth
esis can capture the observations. 

4.1. Reaction kinetics 

To describe the network formation kinetics in this system, we 
formulate a differential model for aiyu gelation kinetics. Past studies 
indicate pectin gelation follows (I) methylesterase enzyme trans
formation of methoxyl ester groups (-COOCH3) to carboxyl groups 
(-COOH) along the backbone of polygalacturonic acids, (II) dissolved 
calcium ions bind to two carboxyl groups on the PGA backbone of two 
adjacent chains and form a transient physical crosslink, which is denoted 
as (Ca PGA). Thus, 

GA-COOCH3 + H2O + E →kE GA-COO− + H+ + CH3OH + E (5)  

GA-COO− + H+ ↔
Ka

GA-COOH (6)  

Ca2+ + 2GA-COO−

k1
⇆
k− 1

Ca PGA (7)  

Here E is the methylesterase enzyme concentration, kE is the enzymatic 
rate constant, and Ka is the acid dissociation constant for carboxylic acid 
in water. We model the enzymatic reaction by Michaelis-Menten ki
netics (Chaplin & Bucke, 1990). The calcium binding rate constant is k1, 
and k-1 is the reverse reaction rate constant. 

We observe that the pH value of aiyu extract remains nearly constant 
around pH ≈ 5 before gelation and after syneresis. We thus assume that 
the acid equilibrium does not change, and the dominant reactions are 
Eqs. (5) and (7). Thus, the time rate of change in the concentration of 
GA-COOCH3 methoxylester and calcium ions are given by 

d[GA-COOCH3 ]

dt
=

− Vmax[GA-COOCH3 ]

(Km + [GA-COOCH3 ] )
(8)  

d[Ca]
dt

= − k1γ
[
Ca2+][GA-COOH]

2
+ k− 1[Ca PGA] (9)  

d[Ca PGA]
dt

= k1γ
[
Ca2+][GA-COOH]

2
− k− 1[Ca PGA] (10)  

where kE = Vmax/Km = Vmax
0/Km [10

̅̅
I

√

/(1+ [H+]/Ke1 + Ke2/[H+])] ≈
10− 4 s− 1 as reported in a previous measurement (Huang et al., 1980). 
Here Vmax is the maximum enzymatic reaction rate, I is the ionic 
strength, and the enzymatic equilibrium constant is Km. The two con
stants Ke1 ≈ 10− 3 M and Ke2 ≈ 8.8×10− 10 M account for how pH affects 
enzyme activity and are obtained by fitting reported data in the litera
ture (Huang et al., 1980; Jiang et al., 2001; Chaplin & Bucke, 1990). The 
coefficient γ in Eqs. (9) and (10) is the activity coefficient of calcium ions 
based on Debye-Huckel theory (Kielland, 1937) to take into account the 
effects of ionic strengths, given by 

log γ =
(
− 0.51z2

Ca

̅̅
I

√ )/(
1 + 3.3βCa

̅̅
I

√ ) (11)  

where I = 1
2
∑

[ion]z2
ion. Here zion is the ion valence and βCa = 0.6 nm is 

the effective diameter of the calcium ion. 
For concentrations of the methylester group [GA-COOCH3] ≪ Km, as 

is typical for the aiyu system, Eq. (8) is readily solved (Suzuno et al., 
1997) by  

[GA-COOCH3] = CM0 exp(− kE t)                                                    (12) 

where CM0 = [GA-COOCH3]0 is the initial methyl ester group concen
tration, and C0 = CM0 + [GA-COOH]0 is the concentration of all possible 
binding sites. All other parameters can be derived from literature and 
are listed in the Supplementary Materials, Section II (Skoog et al., 2013). 

To illustrate the solutions of Eqs. (8)–(10), we estimate that with a 
seed concentration of 2 g/100 mL, the total GA concentration is C0 ≈ 4.0 
mM. Thus we calculate [GA-COOCH3]0 = 2.4 mM and [GA-COOH]0 =

1.6 mM based on the reported degree of methylation ≈ 0.6 (Suzuno 
et al., 1997). As shown in Fig. 6b, the molecular concentrations of 
[GA-COOH] and [Ca2+] decrease with time and the concentration of [Ca 
PGA] increases, each reaching equilibrium concentrations at long times. 

Fig. 6. (a) Illustration of our hypothetical model for (I) enzymatic reaction that activates binding sites and the initial binding events and (II) the slower structural 
transitions from shorter, consecutively bonded crosslinks to the longer and more strongly-bonded junction zones (JZ). The black lines show the PGA polymers, red 
lines indicate the activated binding sites (R-COO− ), blue spheres indicate calcium ions, and orange spheres indicate monovalent ions. (b) Model predictions with k1 =

70 M− 2 s− 1, k-1 = 5×10− 5 s− 1, k-1 = 1×10− 4 s− 1, [GA-COOH]0 = 1.6 mM, [GA-COOCH3]0 = 2.4 mM for seed concentration of 2 g/100 mL and C0 = 4.0 mM. 
Evolution in the molarity of [GA-COOH] (black), [Ca2+] (red), and [Ca PGA] (green) in the sample with initial concentrations of [Ca2+]0 = 1.0 (solid line) and 4.4 
(dashed line) mM respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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For a lower initial calcium ion concentration, [Ca2+] = 1.0 mM, the 
carboxylic acid concentration [GA-COOH] increases with time after all 
[Ca2+] are bound, since the enzymatic reaction continues to convert 
GA-COOCH3 to GA-COOH. The concentration of carboxylic acid 
[GA-COOH] becomes depleted only for sufficiently high calcium con
centration [Ca2+] such that all available [GA-COOH] are bound. As 
further discussed in Supplementary Materials Section IV, the numerical 
solutions of Eqs. (8)–(10) show that the rate of change in the concen
tration of physical crosslinks d [Ca PGA]/dt and the maximum value of 
[Ca PGA] depend mainly on the rate constants k1, k-1, and kE. By fitting 
the evolution in the storage modulus obtained from model predictions to 
that from the experimental observations, we can estimate these rate 
constants. 

From Eqs. (10) and (12), we derive a single governing equation for 
the evolution in transient crosslink concentration [Ca PGA] given by 

d[Ca PGA]
dt

= k1γ
( [

Ca2+]

0 − [Ca PGA]
){(

C0 − CM0e− kEt) − 2[Ca PGA]
}2 

− (k− 1)[Ca PGA] (13)  

where [Ca2+]0 is the initial calcium concentration. The determining 
factor for the number of bound sites is the binding ratio R(t) = 2 
[Ca PGA]/C0. Eq. (13) may be written in dimensionless form as 

dR
dt

= k1C2
0γ(Rmax − R)

[
1 − (CM0/C0)e− kEt − R

]2
− k− 1R (14)  

where the maximum binding ratio from stoichiometry is Rmax = 2 
[Ca2+]0/C0. 

4.2. Crosslink densities and the storage modulus 

Based on previous measurements of the calcium and PGA content in 
dry matter (Suzuno et al., 1997), we estimate that C0 ≈ 4.5 mM and 
[Ca2+]0 ≈ 0.35 mM for a seed concentration of 2g/100 mL in DI water 
extract. Approximately sixty percent of the initial PGA side groups are 
methyl esters, with CM0 ≈ 2.4 mM (Huang et al., 1980). The proportion 
of consecutively bound sequences of length m is given by pm =

Rm− 1(1− R)2, where R = R(t) is the instantaneous binding fraction that 
increases with time as more PGA sites are bound with calcium. Based on 
these estimates, Rmax = 2 [Ca2+]0/C0 ≈ 0.17 in an extract of Aiyu jelly 
formed by washing in DI water alone without added salts. 

The crosslink bonds can be distinguished into three categories by 
their physical characteristics, as illustrated in Fig. 7a. At the onset of 
gelation transiently bound point-like crosslinks (PC) form, with char
acteristic length l < ls, and break with characteristic breakage rate that 
corresponds to the frequency-dependent peak in the loss moduli. This is 
followed by the formation of non-cooperative short junction zones (sJZ) 
with characteristic length ls. In the mature gel, the stable junction zones 
(JZ) with characteristic length lJZ form the major components of 

network crosslinks. We select ls = 6 and lJZ = 8 based on previously 
reported estimates (Ngouemazong et al., 2012b). Thus, the probability 
of finding a range of sequences of a given length in the range m ∈ [m1,

m2] is P(t;m ∈ [m1,m2] ) =
∑m2

m1
pm = (1 − R)

(
Rm1 − 1 − Rm2

)
. Further

more, to connect the crosslink species concentration with the visco
elastic moduli, we hypothesize that the transition from sJZ to JZ is 
reflected by the inflection point in the storage modulus observed in the 
local minimum of the loss modulus observed in our experiments. The 
elastically active segments between the sJZ and JZ crosslinks both 
contribute (additively) to the measured overall elasticity of the network. 
The fractions of bound sites in each category are respectively given by 
(with detailed derivation given in Supplementary Materials Section III) 

asJZ(R)=
∑lJZ − 1

m=ls

mpm=(1− R)
[
lsRls − 1 − lJZRlJZ − 1]+Rls − RlJZ forls≤ l< lJZ (sJZ)

(15)  

aJZ(R) =
∑∞

m=lJZ

mpm = lJZRlJZ (1 − R) + RlJZ for lJZ ≤ l (JZ) (16) 

With a random distribution of binding sites, the computed proba
bilities for consecutively bound sites with Rmax = 0.17 are too small for 
the long junction zones (JZ) to become the dominant contribution to 
network elasticity, with aJZ ≪ asJZ at all times as shown in Fig. 7b. From 
Eqs (15) and (16), we can estimate that the binding fraction needs to be 
R ≥ 0.8 in order for aJZ > asJZ and for the JZ crosslinks to become the 
dominant contribution in the network. 

However, the likelihood for successive [Ca PGA] bindings to be 
consecutive may be higher than expected for a completely random dis
tribution. The spatial distribution of binding sites is in fact controlled by 
enzymatic conversion, the ionic interaction between the PGA chains, 
and the calcium ion concentrations. These factors have been probed in 
some details for the calcium pectin system (Ngouemazong et al., 2012a, 
2012c). It has been reported that different methylesterase enzymes 
convert large blocks of consecutive binding sites with variations in the 
block length (Ngouemazong et al., 2012a). Thus, the probability of 
sequential calcium bindings and junction zone formation will be higher 
for block-distributed binding sites than for randomly distributed binding 
sites. For simplicity, we account for the higher likelihood of converted 
consecutive segments by an enzyme-enhanced sequential binding factor 
that we denote φ. The probability of crosslinks of type i is then given by 
ai (R(t)φ), where i indicates sJZ or JZ respectively. As shown in Fig. 7b, 
the fraction of consecutively bound [Ca PGA] junctions are significantly 
increased for φ > 1, such that the contribution of long and strong JZ 
crosslinks (l ≥ lJZ) grows to become more significant than short junction 
zone sJZ crosslinks (lsJZ ≤ l < lJZ) with time. 

The number density of crosslinks of type i is ni(t) = C0 R(t) P(t;m ∈

[m1,m2] ) for φ = 1. With the enzyme-enhanced sequential binding factor 
φ > 1, we need to adjust the crosslink number density by the ratio 

Fig. 7. (a) Illustration of binding site block length 
likelihood for randomly activated compared to 
enzyme activated binding sites. We select 6 ≤ lsJZ <

8 and lJZ ≥ 8 based on previous works (Durand 
et al., 1990; Ventura et al., 2013) Black lines show 
the PGA polymers, red lines indicate the activated 
binding sites (R-COO-), blue spheres indicate cal
cium ions, and orange spheres indicate monovalent 
ions. (b) Evolution in the binding fractions with, 
and without, the enzyme factor φ. For kE = 10− 4 

s− 1, k1 = 70 M− 2 s− 1, k-1 = 5∙10− 5 s− 1, 
[GA-COOCH3]0 = 2.4 mM, [GA-COOH]0 = 1.6 mM, 
for seed concentration of 2 g/100 mL and C0 = 4.0 

mM, with initial calcium ion concentration [Ca2+]0 = 1.0 mM. The black line shows the evolution of R with time, solid lines are for random-activated binding 
fractions ai(R) and dashed lines show the changes resulted from sequential enzyme-activated binding fraction ai (φ R) with φ = 2. Red lines show the initial evolution 
of the short junction zones (i = sJZ) and blue lines for the longer, more stable junction zones that develop at longer times (i = JZ). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)   
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[ai(R(t)φ)/ai(R(t))] such that ni(t) = C0 R(t) P(t;m ∈ [m1,m2] )

[ai(R(t)φ)/ai(R(t))]. As noted above, for simplicity, we consider the 
observed network modulus to be a linear superposition of contributions 
from the different types of crosslinked networks given by 
GN(t) ≈ GsJZ(t)+ GJZ(t). Furthermore, only the density of the elastically 
active segments (ni – nc,i) above the critical percolation threshold con
tributes to the total modulus, so that 

GN(t) = A(v/v0)
1/3kBT

∑

i

(
ni(t) − nc,i

)
for i = sJZ, JZ (17) 

Here the unit transformation factor is denoted A = 103 NA mole
cules∙liter/(mol∙m3), v is the volume ratio of the polymer chains in the 
swollen gel and v0 is the volume ratio of the polymer chains in the 
unswollen gel. The factor (v/v0)

1/3 represents the average swelling 
length and accounts for the additional contribution to hydrogel elas
ticity due to the polymer swelling in the solvent (Rubinstein & Colby, 
2003). The number of elastically active segments is estimated by the 
total number of crosslinks, including both sJZ and JZ types. We use the 
swelling ratio S, defined by (v/v0)

1/3 
≈ S

∑

i
(ni(t) − nc,i)/C0, to first fit the 

model to the measured maximum storage modulus. We find nc,sJZ de
termines the initial gel point, while nc,JZ determines the inflection point. 
How these two parameters affect the total modulus is discussed in the 
Supplementary Materials, Section V. 

With the parameters given in Table 1, the model captures the 
observed evolution in the storage modulus for gelation of aiyu extract in 
DI water (2g aiyu seeds in 100 mL water) with added CaCl2, as shown in 
Fig. 8a. The parameters k1 = 70 M− 2s− 1, k-1 = 5×10− 5 s− 1, kE = 10− 4 s− 1 

are kept constant, consistent with our experimental observations that 
the change in [CaCl2] only weakly affects the reaction rate constants. 
Rather than expressing the number density of crosslinks as defined in Eq 
(17) we convert this to the critical number of crosslinks per chain using 
the expression Nc,i = Npnc,i

/
C0

, considering that there are approximately 

Np ≈ 10000 maximum possible binding sites per chain, obtained by the 
ratio of the average polymer molecular weight (Mw ≈ 2×106 g/mol) and 
the GA molecular weight. We note that as the calcium concentration 
increases, the enzyme-enhanced sequential binding factor φ decreases. 
As the calcium ion concentration increases, the binding fraction R also 
increases, and the differences between the likelihood of consecutively 
bound sites in random- and block-distributed gels decreases. In addition, 
we find that S decreases significantly at higher calcium concentrations. 
This may be attributed to an excess of calcium ions exhausting available 
GA binding sites, as we expect all binding sites are crosslinked at [Ca2+] 
≈ 2.3 mM, resulting in S = 5 for both [CaCl2] = 2.0 and 4.0 mM. An 
excess of calcium ions may also facilitate junction zone formation, which 
is consistent with the decrease in Nc,JZ for [CaCl2] = 4.0 mM. 

We also examine whether this reaction kinetics model captures how 
the gelation process varies with the initial seed concentration in DI 
water. As noted in our experimental observations, the sample-to-sample 
variations in tgel and t* are reduced when the experiment time is refer
enced to tgel. We thus fit the model for a selected set of data with the total 
experiment time referenced to tgel using the parameters given in Table 2. 
The influence of the washed seed concentration on the storage modulus 
evolution is captured by the model as shown in Fig. 8b. We estimate the 
initial concentration of all possible binding sites to be C0 = 3, 4, 5, and 6 

mM, corresponding to seed concentrations of 1.5, 2.0, 2.5, and 3.0 
g/100 mL DI water, with a constant value of CM0 = 0.6 C0. Since the ratio 
of calcium ions to PGA is constant, we expect that the fraction of 
consecutive available binding sites and the swelling ratio remain the 
same as the seed weight increased, and we find S ≈ 200 and (v/v0)

1/3 
≈ 4 

fits the measured modulus for most cases. Without CaCl2 addition, we 
find both φ and S are higher than the values found for extracts with 
CaCl2 addition, which is consistent with the trends observed in Table 1. 

As shown in Table 2, the onset gelation time tgel decreases as the GA 
concentration C0 increases, as expected. For C0 = 5 and 6 mM, tgel re
mains almost unchanged. By varying kE and Nc,SJZ the sharp onset of the 
growth in the gel storage modulus and the value of t*/tgel are captured 
for the different seed concentrations. This indicates that the network 
formation process is highly dependent on the enzymatic conversion rate 
kE. In contrast, the critical number of JZ crosslinks (Nc,JZ = 40) per 
polymer is constant. Although we can note from Table 2 that k1’ is also 
constant, when we consider that the rescaled binding rate k1’(= k1 tgel) is 
referenced to tgel, we note that the (dimensional) binding rate in fact 
increases with C0. Although this is expected as higher PGA and calcium 
ion concentrations should increase the molecular collision likelihood 
and thus increase the rate of binding, it is not always clearly reflected in 
measurements of the gelation time tgel due to the strong dependence of 
early reaction on enzymatic activity. 

5. Conclusion 

We have characterized the rheological and microstructural evolution 
of aiyu hydrogels during the gelation process. Aiyu jelly is a natural 
extract from Ficus Pumila var. Awkeotsang seeds that undergoes a pro
nounced sol – gel transition at room temperature with no added agents 
besides water. The rheological measurements at a single fixed frequency 
allow us to identify an interesting and previously unreported transient 
gelation phenomenon that is manifested as an inflection point in the 
evolving viscoelastic modulus G*(ω, t) at intermediate times. We also 
employed rapid chirp-based sweeps to investigate the frequency 
dependence of the viscoelastic properties of the evolving gel for 0.3 < ω 
< 30 rad/s. Shortly after gelation, the storage modulus G′(ω, t ≥ tgel) 
increases as a power law with frequency. The resulting power law 
exponent slowly decreases with time and the gel modulus gradually 
becomes frequency independent in the mature gel. In comparison, G′′(ω, 
t ≥ tgel) also initially increases as a power law with frequency. However, 
in the mature gel, the loss modulus decreases with frequency, signifying 
that the dominant relaxation time continuously increases as the gel 
matures. Comparison with a critical gel model shows that the fractional 
power law exponent monotonically decreases from α = 0.49 close to 
gelation to approximately α ≈ 0.02 in the mature gel, indicating a loose 
microstructural arrangement with fractal dimension df ≈ 2 near the gel 
point that subsequently evolves over a wide spectrum of length and time 
scales. 

The microstructural evolution is also observed using cryo-SEM mi
croscopy of the samples at different stages of the gelation process. We 
find the pectin fibers initially form fibrous meshes, with a mesh size 
decreasing from microns to hundreds of nanometers as the gel evolves, 

Table 1 
Model parameters for fitting the experimentally observed dependence of the 
storage moduli dependence with increasing CaCl2 concentration. Aiyu seed 
concentration of 2 g of seeds with 100 mL DI water and [CaCl2] addition, stirred 
at 1400 rpm for 60 min.  

Total Ca2+ [mM] φ S Nc,SJZ Nc,JZ 

1.0 2 30 12 60 
2.4 1.5 5 12 60 
4.4 1 5 12 13  

Table 2 
Model parameters for fitting the experimentally observed dependence of the 
storage moduli to systematic changes of the concentration C0 of all possible 
binding sites. Since we use a rescaled or dimensionless time t/tgel to report and 
compare results, this also rescales the rate constants such that k1’=k1 tgel and 
kE’=kE tgel.  

C0 [mM] tgel [s] φ k1’ [M− 2] kE’ Nc,SJZ Nc,JZ S 

3 6900 4.5 105 3 4 40 200 
4 5200 4.5 105 3 17 40 200 
5 4000 4.5 105 1.5 21 40 200 
6 4090 4.5 105 0.5 10 40 180  
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with a corresponding increase in the network elasticity. The molecular 
origin of the gel network growth and evolution is expected to follow the 
proposed “egg-box” model for pectin-calcium gel networks, with the 
initial formation of transient point-like crosslinks and then consecu
tively bound junction zone “block” crosslinks with characteristic block 
lengths, as illustrated in Fig. 6. 

Several studies on pectin-calcium gels formed with different meth
ylesterase enzymes and gelation conditions have reported varying 
characteristic block lengths of the junction zone crosslinks. This led us to 
develop a quantitative model for the evolution in gel viscoelasticity by 
incorporating progressive microstructural transitions of the point-like 
transient crosslinks first to shorter, weaker JZs and eventually to 
longer, more tightly-bound JZs. By combining a simple reaction kinetics 
model with rubber network theory, our proposed model captures the 
viscoelasticity evolution during aiyu gelation. It includes the essential 
physical mechanisms – methylesterase enzyme-driven creation of 
binding sites, calcium-pectin binding and the formation of consecutively 
bound junction zone blocks, to capture the onset of elasticity once a 
critical number of elastically active segments are formed such that the 
growing network spans the sample volume. The model shows that these 
basic structural elements are sufficient to describe the physical process 
of aiyu gel formation, and the mechanisms embodied by this model can 
be generalized for other gelation systems in which binding sites are 
activated by enzymatic action. 

Although the mechanisms embedded in the model are physically 
straightforward, there are numerous associated model parameters that 
need to be determined via careful measurement. Parameters such as the 
PGA molecular weight and concentration, the initial degree of methyl
ation, and the ion concentrations in the aiyu extracts can be measured, 
and we have always used literature-reported values for our model 
computations. The enzyme reaction rate constant and the calcium 
binding/unbinding rate constants have also been previously measured, 
and our model also uses the reported estimated values. We thus reduce 
the key unknown parameters that the model requires in order to fit the 
observed elasticity evolution and distinct inflection point feature to (i) 
the enzyme-enhanced binding factor φ, (ii) the swelling factor S of the 
resulting hydrogel, and (iii) the critical concentrations Nc, sJZ for the 
onset of network elasticity and Nc, JZ for the inflection point. Future 
studies could employ computational models of polyelectrolyte binding 
with multivalent ions to better understand how binding site segment 
distribution, modified by specific enzyme action, affects junction zone 
formation. Microstructural (possibly lattice-based) modeling of an 
evolving crosslinking network would also provide additional physical 
insights into the critical criteria for emergence of network elasticity and 
the frequency dependence of the modulus evolution beyond the simple 
additive model proposed. With better physical understanding of pectin- 
based gelation mechanisms in natural biopolymers such as aiyu jelly, 

future studies could explore how to design synthetic self-gelling foods 
and custom-design biopolymers with tailored gelation profiles and gel 
strengths. 
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