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Doubling Growth add new knowledge to the current egg-box model regarding the molecular assembly and gelation of

an important biopolymer alginate, and provide fundamental basis for molecular engineering of alginate
for more advanced applications.
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1. Introduction

Alginate is an important natural polysaccharide produced from
brown seaweeds and some bacteria [1]. It is composed of linearly
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M-blocks and MG- blocks [2]. The overall composition of M/G resi-
dues and their distribution pattern greatly impact on the proper-
ties and functionalities of alginate. Being edible, biocompatible,
biodegradable, and environment-friendly, alginate has found
numerous applications in the food, cosmetic, pharmaceutical,
biomedical and environmental industries [3]. Most of the applica-
tions are based on the binding, assembling and gelling ability of
alginate in the presence of divalent cations, particularly, Ca%* ions.
An in-depth understanding of the Ca?*-mediated assembly of algi-
nate is thus of utmost importance for expanding more advanced
utilizations.

The famous egg-box model, originally proposed by Rees et al.,
has been regarded as a classic mechanism to depict the molecular
assembly of alginate with Ca%*[4-6]. In the model, two oppositely
facing G sequences pair together to form buckled structure pos-
sessing cavities, within which Ca?" ions are accommodated
through specific coordination interaction. This results in cross-
linked dimers with geometric structure that resembles egg-box.
In the presence of sufficient Ca?*, the dimers can further aggregate
laterally into multimers, as revealed by small angle X-ray scatter-
ing [7,8]. Through analysis of crystal structure, Sikorski et al. pro-
posed that the lateral aggregation is most likely to be mediated
by nonspecific interactions involving Ca®*, Na* and H-0, forming
defected yet egg-box-compatible structure [9].

In contrast to the static structural studies, limited research has
been conducted to elucidate the dynamic process of structural
evaluation during the egg-box formation. Our early studies using
isothermal titration calorimetry and viscometry found that the for-
mation of egg-box structure involves three distinct and successive
steps, i.e.,, monocomplexation, dimerization and multimerization
[10,11]. The dimerization is a rather critical process of chain paring,
starting from at Ca/G = 0.25. The multimerization however is a less
critical process with a broader transition, happening via lateral
aggregation of dimers when Ca/G > 0.55. By means of viscometry,
light scattering, circular dichroism, and fluorescence quenching,
Donati et al. proposed a tilted egg-box model to challenge the
monocomplexation step [12]. They argued that the initial binding
of Ca®" at Ca/G < 0.25 can also cause the crosslinking of alginate
chains, leading to the formation of tilted egg-box structure. The
tilted egg-box model was further interpreted using another polyur-
onate pectin within the framework of modified counterion conden-
sation theory [13]. The tilted egg-box model seems impossible, as
recent evidence shows no gelation for concentrated alginate solu-
tions at Ca/G < 0.25. This directly disproves the presence of tilted
egg-box crosslinking, which otherwise would cause alginate gela-
tion [14,15]. A recent computational modeling of alginate gelation
based on the discrete element method (DEM) also demonstrated
that a critical value of Ca/G is required for the crosslinking and
gelation of alginate [16]. The tilted egg-box at most is a type of
loosely bound and transient cross-links that are formed in equilib-
rium with monocomplexes [15]. Moreover, local overconcentration
of Ca?* during inhomogeneous mixing with alginate may also be
accountable for chain crosslinking at the initial binding stage of
Ca/G < 0.25, as observed by Donati et al [12]. Therefore, a detailed
and conclusive analysis of the dynamic evolution of egg-box struc-
ture during Ca®"-mediated molecular assembly of alginate is
required to answer the long-lasting debated issue.

Atomic force microscopy (AFM) has proven to be a powerful
tool to realize single molecule imaging. Recent advances in AFM
technique, particularly, the use of high-resolution AFM in combi-
nation with polymer statistical analysis, allows detailed structural
transition and formation of hierarchical structure to be elucidated
at molecular level for several polysaccharides [17-20]. For
instance, Mezzenga et al. unraveled unambiguously by AFM that
the ordered conformation in iota-carrageenan exists as a unimeric
helix formed intramolecularly by a single polysaccharide chain

748

Journal of Colloid and Interface Science 634 (2023) 747-756

[17]. As in the case of proteins, polysaccharides such as kappa-
carrageenan and low acetyl gellan were also found to exhibit mul-
tiple structural levels, i.e., primary, secondary, tertiary and quater-
nary structure, upon addition of specific cations [19,20].
Considerable effort has been made to investigate the molecular
assembly and structural evolution of alginate mediated by Ca®*
in relation to gelation [21,22]. It was demonstrated that pairs of
at least eight G residues are required to form a strong and stable
egg-box structure [23]. Additionally, alginate assembly at network
level has been visualized and related structural and mechanical
characteristics reported [24]. However, due to limited resolution
and high working concentration of alginate, the previous studies
failed to resolve the evolution of egg-box structure quantitatively
at molecular level. Here, we employ AFM and viscometry to exam-
ine the molecular assembly and egg-box formation of alginate
upon addition of Ca?". Statistical analysis on AFM images provides
a clear picture and quantitative information on the pathway and
mode of chain growth from single molecule to dimers and further
into multimers.

2. Experimental section
2.1. Materials

Two sodium-type alginates with nominal higher and lower
guluronate (G) content were obtained from San Ei-Gen FFI Inc.
(Osaka, Japan) and Macklin Inc. (Shanghai, China), respectively.
Calcium chloride dihydrate (CaCl,-H,0) and sodium acetate (CHs-
COONa) of analytical grade were purchased from Sinopharm
Chemical Reagent Co., Itd. (China), whereas 3 Aminopropyl tri-
ethoxysilane (APTES, CAS91930-2, 99 %) was obtained from Beijing
InnoChem Science and Technology Co., Itd (China).

Alginate samples were purified by extensive dialysis against
Milli-Q water to remove free salts before uses. The major cation
contained in the samples is sodium ion, and the other cations such
as K*, Ca%* and Mg?" are all below 500 ppm, as measured by induc-
tively coupled plasma optical emission spectrometer (ICP-OES,
iCAP 7600, Thermo Scientific). Gel permeation chromatography
coupled with multi-angle laser light scattering (GPC-MALLS, Vis-
cotek TDAmax, Malvern) and 'H-nuclear magnetic resonance ('H
NMR, Avanceneo 700 MHz, Bruker) were used to characterize the
molecular weight and the M/G content of the samples [14,25].
For GPC-MALLS measurements, 0.2 M aqueous NaCl solution con-
taining 0.005 % NaN; was used as eluent. A refractive index incre-
ment value (dn/dc) of 0.150 mL/g was used for analysis [14]. For TH
NMR measurements, the alginate samples were slightly degraded
by mild acid hydrolysis, followed by chelation of possible divalent
cations using ethylene diamine tetraacetic acid (EDTA) [14,25]. The
obtained NMR spectra and related assignments are shown in the
Supporting Information Figure S1. The relevant molecular and
structural parameters are listed in Table 1. The two alginate sam-
ples are designated ALG56 and ALG25, respectively, where the
numerical postfix represents the guluronate content in percentage.

3. Relative viscosity measurements

The change of relative viscosity of dilute alginate solution upon
addition of CaCl, was measured at 25 °C to reflect the evolution of
molecular hydrodynamic size during Ca?*-induced assembly of
alginate chains.[10] Alginate solution (0.5 mg/mL) was prepared
by dispersing in 20 mM acetate buffer (pH 5) with gentle shaking
overnight to ensure complete dissolution. 10 mM CaCl, solution
was prepared using the same buffer solvent. 10 mL of 0.5 mg/mL
alginate was pipetted into an Ubbelohde-type capillary viscometer,
to which 50 pL of 10 mM CaCl, was added stepwise and mixed
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Table 1
Molecular and structural parameters of alginate samples.

Journal of Colloid and Interface Science 634 (2023) 747-756

Sample My, M /My, Rg Molar fractions of monomers, diads, and triads®
kD.
(kDa) (m) g Fu Foo Fou Fuau Focc Foon Fucw Noo1
ALG56 225 1.23 66.6 0.560 0.440 0.451 0.109 0.307 0.414 0.049 0.059 10
ALG25 226 1.16 67.6 0.247 0.753 0.127 0.120 0.530 0.103 0.025 0.095 6

2 Molar fractions of monomers, diads and triads were calculated from NMR spectra (Figure S1) according to the method reported by Grasdalen et al.[25]. The average length
of G blocks larger than one was obtained from the equation: Ng>1 = (Fg-Fvcm)/Foom [14].

extensively by shaking. No gelation occurred in such dilution algi-
nate solutions. The relative viscosity (#;) was measured after each
step of addition of CaCl, by recording the flow time of solution:

n, = ts/to (1)

where t; is the flow time of sample solution, and t; is the flow time
of buffer solvent. Considering the dilution effect introduced therein,
control measurements were carried out, in which acetate buffer
instead of CaCl; solution was added into alginate solution. Note that
the flow time was measured in triplicate and average value was
used for calculation.

4. Atomic force microscopy (AFM)

For AFM imaging, alginate and CaCl,-H,O were dissolved in
Milli-Q water instead of acetate buffer to avoid the interference
of excessive salts. Calculated volume of 10 mM CaCl, was added
into 10 mL of 0.5 mg/mL alginate under constant stirring, to
achieve desired values of the ratio of R = Ca/G (0, 0.10, 0.25, 0.30,
0.40, 0.50, 0.75, 1.00, 1.25). After fully mixing, the solutions were
subjected to filtration (0.45 pm) using polyethersulfone filter prior
to AFM experiments. To achieve single chain visualization, some of
the solutions were further diluted to an alginate concentration of
1 pg/mL.

To ensure strong adsorption of alginate chain onto AFM sub-
strate and prevent artificial alignment of polymer chains during
drying, mica surface was modified with APTES to obtain a posi-
tively charged substrate surface [26]. For this purpose, a cleaved
mica surface was incubated with 20 puL of 0.01 % v/v freshly pre-
pared aqueous APTES solution for 30 s, thoroughly rinsed with
5 mL Milli-Q water, and dried with pressurized high-purity nitro-
gen gas. Aliquots of 20 pL diluted alginate solutions were depos-
ited onto the APTES-modified mica substrate. After 30 s of
adsorption, the substrates were rinsed with 200 pL Milli-Q water
five times and gently dried with pressurized high-purity nitrogen
gas. The obtained samples were stored in a desiccator prior to
AFM imaging to prevent possible hydration by atmosphere
moisture.

The prepared samples were visualized on a Multimode 8 Scan-
ning Force Microscope (Bruker) covered with an acoustic hood to
minimize vibrational noise. The AFM was operated at ambient con-
dition with a controlled humidity (RH < 40 %) in tapping mode.
ScanAsyst Air cantilever with a spring constant of 0.4 N/m was
used. The cantilever was made of silicon nitride, and has a tip
radius of 2 nm, which renders a resolution of ca. 0.1 nm. Surface
topology images were acquired continuously at 1 Hz over a scan
range of 1 x 1 pm or 2 x 2 um with a resolution of 1024 x 1024
pixels. The obtained AFM images were flattened to remove back-
ground curvature using the Bruker NanoScope Analysis 1.8 soft-
ware. No further image processing was conducted.

4.1. Data analysis

From AFM images, the alginate chains were digitized using a
specially designed software FiberApp [27] to track the polymer

749

backbones and to extract the coordinates of their contour. The
tracking algorithm was based on open active contours [28]. After
AFM images were imported into FiberApp, the surface was
removed automatically and the zero level of the z-axis (height
information) was set against a background area selected as large
as possible where no polymer chains were present [18]. The root
mean square surface roughness of a representative background
area varied typically from 0.05 to 0.12 nm.

For chain height analysis, a number of at least 200 clearly sep-
arated individual chains or chain portions without overlapping
were traced and analyzed to guarantee significant statistics. Chain
height was averaged along the contour for each of the traced
chains [18]. Height histograms were represented as number of
chains, n, with single chain average height < hg> [17]. Gaussian fit-
tings of the height histograms were performed to yield overall
average height < h > and standard deviation.

The flexibility of alginate chains was characterized by analyzing
the chain persistence length L. For this purpose, the polymer
chains were traced entirely, including both crossing and overlap-
ping chains. A 2D worm-like chain model was used to calculate
L, as follows:

(R%) = ALy(L - 2L, (1 — exp(~L/2L,))) @

where < R? > is the average square end-to-end distance of the traced
polymer chain and L is the internal contour length between the two
end points [29]. For statistical significance, at least 200 alginate
chains were selected and traced. The presence of crossing chains
or overlapping chains has been shown to have no effect on the value
of calculated persistence length [18]. It should be pointed out that
the calculation of L, for single alginate chain was based on individ-
ual entire chains, while that for dimer considers only the chain por-
tions with increased height of ~ 0.75 nm, which is typical of dimers
as demonstrated below.

5. Results and discussion

5.1. Change of hydrodynamic size of alginate chains during Ca®*-
Mediated molecular assembly

Alginate is one of the most representative polyuronates, which
has been widely used in many sectors of the industry as gelling
agents, thickeners, stabilizers, dietary fibers, sewage-treating
agents, and scaffolds in tissue engineering, etc. Many of the appli-
cations rely on the assembling, crosslinking, and thus change of
hydrodynamic size of alginate upon addition of Ca". Fig. 1 displays
the variation of hydrodynamic size of alginate by plotting relative
viscosity #; as a function of R = Ca/G. For the higher G alginate
ALG586, 1, exhibits a three-step change upon addition of Ca®". The
boundaries of the three steps are located at R = 0.25 and 0.55,
respectively. This is in perfect agreement with the previous obser-
vations reported for two alginates with G = 64 % and 46 % [10]. Step
I is characterized by a decreasing #, which is even smaller than that
of control sample added with solvent. This implies a reduction in
hydrodynamic size of alginate during this step. Step II sees a steep
increase in 7;, indicating an abrupt increase in hydrodynamic size
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Fig. 1. The change of relative viscosity 7, (solid symbols) with R = Ca/G upon
addition of 10 mM CaCl, into 0.5 mg/mL alginate solution: (a) ALG56; (b) ALG25.
The open circles represent control measurements where buffer solvent was added
instead of CaCl,.

of alginate. Step III is accompanied with a second decrease in #;,
thus a reduction in hydrodynamic size again.

The change of relative viscosity is very sensitive to the hydrody-
namic size of alginate chains and thus the molecular assembling
under the mediation of Ca?*. Based on the variation in molecular
size and in combination with calorimetry during reaction with
Ca®*, our previous work proposed a multiple-step mechanism to
illustrate this structural evolution of egg-box formation [10,11].
According to the assignments [10,11], Steps I-IIl are attributed,
respectively, to (i) interaction of Ca?* with a single guluronate unit
forming monocomplexes, (ii) critical formation and propagation of
egg-box dimers via pairing of the monocomplexes, and (iii) lateral
association of the dimers creating multimers. The turning points
R = 0.25 and 0.55 match well with the theoretical stoichiometry
of Ca/G = 0.25 for egg-box dimers and 0.50 for multimers. The
small deviation from 0.50 to 0.55 for multimers might be due to
the non-specific nature of lateral association mediated not only
by Ca?" but also Na*, and H,0 etc.[9] The shrinkage of alginate
chain due to screened intramolecular electrostatic repulsion upon
monocomplexation is responsible for the observed reduction in
hydrodynamic size in Step I. It should be mentioned that the
reduction in hydrodynamic size in Step I is also partly attributed
to increasing ionic strength as Ca is added [18]. However, the elec-
trolyte effect cannot fully explain the reduction, as the effect of
adding 10 mM CaCl, is much more pronounced than that of adding
20 mM CH3COONa (control). The abrupt increase in hydrodynamic
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size in Step Il indicates the critical formation of alginate dimers by
chain pairing. The decrease of hydrodynamic size in Step III arises
from the collapse of alginate clusters upon multimerization
[10,11].

Noteworthily, Donati et al. observed an increased light scatter-
ing intensity at initial stage of Ca binding and a shift of the Step I
boundary toward lower Ca/G ratio with increasing alginate con-
centration [12]. They argued for the presence of tilted egg-box
crosslinking at R < 0.25. The tilted egg-box model however should
be disproved, as alginate was demonstrated to be incapable of
gelation at R < 0.25 in concentrated solutions [14,15]. This is direct
evidence ruling out the possibility of the tilted egg-box crosslink-
ing, which otherwise would trigger gelation. Mesoscale modeling
of the gelation of alginate based on the discrete element method
also identified a critical gelation value of R ~ 0.26 for alginate with
a very similar guluronate content of 63 % [16]. Relative viscosity
and light scattering intensity are very sensitive to the presence of
heterogenous aggregates. The observations by Donati et al. might
be attributed to inhomogeneous mixing of alginate with Ca?*, in
which local overconcentration of Ca?* would induce local
crosslinking and thus dimerization.

Differing from the higher G alginate, ALG25 with a lower G con-
tent shows a three-step change of #. having totally different
boundaries, i.e., R = 0.50 and 1.10 (Fig. 1b). This indicates that
the initiation of dimers and multimers in ALG25 requires double
amount of Ca?* in terms of guluronate units, as compared to
ALG56. The different stoichiometry could arise from the different
modes of Ca?*-mediated assembly of alginate chains. It has been
demonstrated that the minimum length of G-blocks required to
form a stable egg-box structure must consist of at least 8 consecu-
tive G units. The present alginate samples, ALG56 and ALG 25, pos-
sess an average length of G-blocks of 10 and 6 units, respectively,
as revealed by NMR structural analysis (Table 1). Therefore,
ALG56 can form the classic egg-box junction zones with the stoi-
chiometry of 0.25 and 0.50 for dimers and multimers, respectively.
In contrast, the short G-blocks in ALG25 cannot form egg-box-type
junction zones, and instead the point-type crosslinks dominated
the Ca®-mediated association of alginate in this case
[11,12,15,30]. The formation of point-like crosslinks is related to
the relatively random distribution of guluronate units in ALG25.
Indeed, the structure of point-type crosslink formed by two G units
bridged by one Ca?* ion would yield a stoichiometry of 0.50 that
coincides with the observed turning point. Recent molecular mod-
eling of alginate gelation by Depta et al. observed that R value
should reach approximately 0.3-0.6 for gelation to occur for a
low G alginate with a guluronate content of 33 % [16].

6. Microstructural evolution of alginate chains during Ca®*-
Mediated molecular assembly

As forementioned, alginate chains undergo multiple steps of
molecular assembly upon addition of Ca?* and give rise to the for-
mation of egg-box structure. These multiple steps have been evi-
denced indirectly by different physiochemical approaches
including viscometry, isothermal titration calorimetry, light scat-
tering, and fluorescence measurements [10,12]. However, there
still lacks of proof by direct microstructural observations. The only
claimed success was the visualization of the egg-box conformation
of calcium alginate by He et al. using negative-staining electron
microscopy (EM) [31]. However, due to the cladding effect of the
heavy metal stains used for EM sample preparation and the result-
ing low resolution, it failed to reveal quantitatively the egg-box
structure either in terms of structural geometry or stoichiometry.
Here, we attempt to provide quantitative insight into the molecu-
lar assembly and egg-box formation of alginate upon binding with
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Ca?* by means of AFM imaging. To minimize artificial chain align-
ment and aggregation during sample drying, alginate chains were
allowed to adsorb firmly onto AFM substrate by using APTES-
modified positively charged mica surface [26]. This AFM imaging
protocol was demonstrated capable of reflecting to a large extent
the conformation of biopolymers in solutions, and has been suc-
cessfully applied to the elucidation of conformational transition
and hierarchical structure formation for several polysaccharides
such as iota-carrageenan, kappa-carrageenan and low acetyl gellan
[17-20]. The AFM microstructures represent a two-dimensional
thermodynamically equilibrated structure on the AFM substrate
surface [32], which allows the statistical analysis and determina-
tion of molecular parameters such as chain height and persistence
length.

Fig. 2 shows the AFM height images of the higher G alginate
ALG56 at a concentration of 0.5 mg/mL and with increasing R,
namely, increasing amount of Ca%*. For lower R, e.g., R = 0.0, 0.10
and 0.25, no clear objects were observed on the AFM images.
Zooming into the background (marked rectangular area), however,
reveals heavily crowding and overlapping of alginate chains. Fur-
ther dilution to ALG56 = 1.0 pug/mL gives rise to well-separated sin-
gle alginate chains, as displayed in Fig. 4 (the first row). Height
histograms, represented as number of chains (n.) with height aver-
aged for each single chain (<hs > ), shows that the alginate chains
belong to the same population with a nearly monomodal Gaussian
distribution (the upper right histogram in Fig. 2). It suggests no sig-
nificant molecular assembly and growth in chain dimension at
R < 0.25, which corresponds well to the Step I in Fig. 1a. It should
be pointed out that the Gaussian distribution of chain height rep-
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resents all possible heights measured for different chain configura-
tions and at different locations.

At intermediate values of R = 0.30, 0.40 and 0.50, objects with
much larger height (marked by arrows) start to appear on the
AFM images. The corresponding height histograms remain mono-
modal Gaussian distributions. This means that there is still only
one population of alginate chains, but with conspicuously larger
height of ~ 0.75 nm. The increase in chain height should arise from
dimerization of alginate at 0.25 < R < 0.50, which corresponds to
the Step Il in Fig. 1a.

When R > 0.50, such as R = 0.75, 1.00 and 1.25, AFM images
reveal two populations of alginate entities with distinctly different
height (marked by solid arrows and broken arrows). The corre-
sponding height histograms exhibit a bimodal Gaussian distribu-
tion, and the peaks move toward larger height and tend to be
broader with increasing R, indicating a pronounced growth in algi-
nate assembly. This should be in line with the Step IIl as shown in
Fig. 1a.

The evolution of AFM microstructure of the lower G alginate
ALG25 with increasing R is displayed in Fig. 3. Differing from
ALG56, ALG25 does not show any considerable molecular assembly
until up to R=0.50 (no clear objects on AFM height images, the first
two rows of Fig. 3). Observation after further dilution to 1.0 png/mL
demonstrates well-separated single-stranded alginate chains (the
second and third rows in Fig. 4). Chain height analysis confirms
that the alginate chains belong to the same population with a
nearly Gaussian distribution (the right column in Fig. 3). This indi-
cates that no growth in chain dimension happens till to R = 0.50,
aligning well with the Step I in Fig. 1b.

n

0.1 0.2 03 04
Average height, </is>, (nm)

0.5

B R=0.30
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Bl R=0.50

" 800.0 pm

0.5 1.0
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Fig. 2. AFM height images of alginate ALG56 (0.5 mg/mL) at different ratios of R = Ca/G. The corresponding height histograms with Gaussian fittings (solid lines) are provided
on the right side, respectively. The scale bars represent 400 nm. Note that the height histograms for R = 0.00, 0.10 and 0.25 were extracted from the AFM height images of

further diluted samples (1.0 pg/mL) as shown in Fig. 4.
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Fig. 3. AFM height images of alginate ALG25 (0.5 mg/mL) at different ratios of R = Ca/G. The corresponding height histograms with Gaussian fittings (solid lines) are provided
on the right side, respectively. The scale bars represent 400 nm. Note that the height histograms for R = 0.00, 0.10 and 0.25 were extracted from the AFM height images of

further diluted samples (1.0 ng/mL) as shown in Fig. 4.

At intermediate R = 0.75 and 1.00, molecular assembles with
significantly larger height were observed on the AFM images. They
belong to the same population with a monomodal Gaussian distri-
bution, as illustrated by the height histograms (the right column in
Fig. 3). This stage should correspond to the Step Il in Fig. 1b, and is
companied with a growth in alginate chain dimension. With fur-
ther increasing R to 1.25, two populations of alginate assembles
with different heights can be identified (as indicated by the solid
arrow and broken arrow). This is more evidenced from the corre-
sponding height histogram, which exhibits a bimodal Gaussian dis-
tribution (the right column in Fig. 3). The second peak has a much
larger chain height, indicating considerable growth in molecular
assembly. This coincides with the Step III shown in Fig. 1b.

The change of alginate chain flexibility upon increasing R was
analyzed by calculating the chain persistence length Ly, using the
open-source software FiberApp [27]. The curve fittings to the 2D
worm-like chain model (eq.2) are displayed in the Supporting
Information Figure S2 and S3. Fig. 5 compares L, versus R for
ALG56 and ALG25. The two alginates start with L, ~ 26-29 nm
at R = 0. This value is larger than that of ~ 16 nm obtained for algi-
nate in 10 mM NacCl [33-35], and might be attributed to more
extended chain conformation at extremely low ionic strength
and in 2D space [36]. L, decreases steadily with increasing R till
R =0.25 and 0.50 for ALG56 and ALG25, respectively. The decrease
is more significant for ALG56 than that for ALG25. Afterwards, L,
experiences a leap and continues to increase with R. The transition
points at R = 0.25 and 0.50 match well with those observed in
Fig. 1. The initial decrease in L, should be attributed to the forma-
tion of monocomplexes where the binding of Ca?* onto single algi-
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nate chains causes the annihilation of negative charges and
reduces the intramolecular electrostatic repulsion [37], leading to
the decrease in chain stiffness. ALG56 exhibits a larger extent of
decrease in chain stiffness simply due to its higher guluronate con-
tent. The sudden increase in L, when R is across 0.25 and 0.50 is
related to the dimerization of alginate chains, which gives rise to
markedly increased chain stiffness.

7. Growth mode of Egg-Box structure of alginate mediated by
ca**

The egg-box model is regarded as the most classic mechanism
describing the crosslinking and gelation of alginate in the presence
of Ca®*. The derivation of the egg-box model was largely based on
crystal structural analysis and molecular modeling [9,38-41]. How
alginate evolves from single chain to dimer and further to multi-
mer, and the detailed pathway remains unknown and controver-
sial. Here, we discuss the dynamic evolution of alginate egg-box
structure and the possible growth mode, by quantitative analysis
of the results of AFM microstructures.

Fig. 6 illustrates the evolution of the overall alginate chain
height < h > with increasing R. < h > was taken from the mean of
Gaussian fittings of the height histograms in Figs. 2 and 3, and rep-
resents the most probable chain height among those measured at
different locations and for different chain configurations. It is evi-
dent that the evolution of chain height of alginate, either ALG56
or ALG25, upon binding with Ca?*, can be divided into three steps,
which are well correlated with the three steps observed in Fig. 1.
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Fig. 4. AFM height images of alginate ALG56 and ALG25 (diluted to 1.0 pg/mL) at different ratios of R = Ca/G. The scale bars represent 200 nm.

During the Step I (monocomplexation step), i.e., R < 0.25 for ALG56
and R < 0.50 for ALG25, both alginates show the same and constant
chain height of < h> = 0.30 nm. This should be assigned to single
chain alginate without dimerization or crosslinking.[10] The
obtained statistical single chain height is smaller that of 0.43 nm
proposed for a single alginate chain packed in a crystal cell.[39]
The difference might arise from the restricted and defined config-
uration of molecular chain within crystal packing. Actually, the
maximum measured single chain height (~0.45 nm), as demon-
strated in height histograms in Figs. 2 and 3, is quite close to the
crystallographic single chain width. An early AFM study by Decho
et al. reported a much larger single chain height of 1.41-4.65 nm
[22]. The author explained the error by the AFM probe-
broadening effect and the possible side-by-side association of algi-
nate chains. The incomplete drying of AFM samples at ambient
condition, thus a hydrated form, might also contribute to the liter-
ature overestimation of the single chain height of alginate.

When 0.25 < R < 0.55 for ALG56 and 0.50 < R < 1.10 for ALG25,
alginate molecules enter the Step II of dimerization. Both alginates
demonstrate a chain height of < h> = 0.75 nm, which is 2.5 time
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that of single chain. Considering the ideal structure of egg-box
model, the height or width of N-stranded alginate chain, hy, can
be estimated as follows:

hN:NXhl-i-(N—])Xdcg (3)

where h; is the single chain height of alginate (0.30 nm), and dc, is
the diameter of Ca®* having the value of 0.20 nm [42]. Applying eq.
(3) yields a theoretical value of h, = 0.80 nm for alginate dimers,
which is in fairly good agreement with the experimental value of
0.75 nm.

Entering the Step III, i.e.,, R > 0.55 for ALG56 and R > 1.10 for
ALG25, several distinct values of chain height start to emerge con-
secutively, e.g., 0.75 nm, 1.33 nm, 2.40 nm, and 4.40 nm. The
growth in chain dimension is related to the multimerization of
alginate chains as discussed above. Intriguingly, the values of the
height follow a strict amplification by 1.8 time, i.e,
1.33/0.75~1.8, 2.40/1.33~1.8, and 4.40/2.40~1.8. Therefore, it is
reasonable to assign them to dimer, tetramer, octamer, and hex-
adecamer, respectively. The results of chain height do not show
any clue of the existence of other forms of molecular assembles,



Y. Wang, Y. Zhao, ]. He et al.

100

=/~ ALGS56
== ALG25

80 4

60 -

Persistence length, Lp, (nm)

40 -

i

20+

000 025 050 075 1.00 125 150
R

Fig. 5. Variation of chain persistence length Lp with R = Ca/G for ALG56 and ALG25.
Lp was calculated according to eq. (2) from AFM image analysis using the open-
source software FiberApp [27]. Lp for ALG56 at R < 0.25 and ALG25 at R < 0.50 was
obtained from single chain analysis from Fig. 4, which represents the persistence
length of alginate single chains without dimerization. Lp for ALG56 at R > 0.25 and
ALG25 at R > 0.50 was obtained from analysis on chain portions with increased
height of ~ 0.75 nm (Fig. 2 and Fig. 3), and therefore represents the persistence
length of alginate dimers.

64STEPI STEPII STEP 111

+——> hyg=440 nm = 1.8

¢

+——> hg=2.40 nm= 1.8 ,

Overal average height, <A>, (nm)

t é —> 1,=133nm=18 4,
00 » h,=0.75nm=25h,

0? . - - - - » ,=0.30 nm

0.00 0.25 0.50 0.75 1.00 1.25 1.50

R

4
g b
531 STEPI STEPII  STEPHI
-
=
50
£ 2
D
&
5 +——> h,=133nm=~18 h,
>
= 1
§ + + O———> h,=0750m=25h,
8 9o o0oo » /1,=0.30 nm

0+ T T T T T

0.00 0.25 0.50 0.75 1.00 1.25 1.50

R

Fig. 6. Plots of the overall average height of alginate chains < h > with R = Ca/G for
ALG56 (a) and ALG25 (b). < h > was obtained from the mean of Gaussian fittings of
the height histograms in Fig. 2 and Fig. 3. hy refers to the height of N-stranded
alginate chains, that is, single chain, dimer, tetramer, octamer, and hexadecamer.

i.e., trimer, pentamer, or hexamer. This indicates that the alginate
chains grow into egg-box multimers via a doubling mode. The dou-
bling growth mode reflects a cooperative nature of the molecular
assembly of alginate in the presence of Ca®*. Furthermore, it can
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be seen from Fig. 6 that the Step II is dominated merely by the
dimers without the presence of other assembles, whereas the Step
Il sees the coexistence of the dimer-tetramer, tetramer-octamer,
octamer-hexadecamer combinations, etc. This suggests that the
dimerization is a more cooperative and critical process as com-
pared with the subsequent multimerization process [10,11]. This
phenomenon is interpretable by the specific nature of the coordi-
nation force that mediates the dimerization, relative to the non-
specific nature of molecular interactions governing the subsequent
lateral aggregation [9,15]. It has been well established that the pair
of alginate chains in egg-box dimer is glued together by Ca?* ions
via specific coordination with 0(2), O(3), 0(61’), 0O(62’), and O(5')
atoms.[43] However, the coordination of Ca" ions, for some rea-
son, impairs the ability of dimers for lateral crystallographic pack-
ing.[9] Further lateral packing is thought to be mediated by
disordered Na* and Ca?*, water molecules, and hydrogen bonding,
creating egg-box-compatible yet defected structure [9]. Compared
with ALG56, ALG25 did not show the existence of octamer and
hexadecamer at similar R. This should be due to the lower capabil-
ity of lateral aggregation of ALG25 having lower G content and
shorter G sequences.

Fig. 7 compares the theoretical and measured values of chain
height for alginate egg-box structure with increasing number of
chains. The deviation from the theoretical values is clearly enlarged
with increasing number of chains. This should be due to the
increased defects that are introduced with increasing lateral aggre-
gation (Fig. 8). The egg-box dimers are formed by critical pairing of
two guluronate sequences when at R = 0.25 for higher G alginate.
This process is driven by specific coordination interaction between
Ca?* and guluronate units, and thus take places cooperatively in a
zippering-like manner [11]. This results in ordered egg-box dimers,
which serve as a structural basis for further growth and propaga-
tion (Fig. 8a). Further packing of the egg-box dimers by lateral
aggregation is initialized when R > 0.55 (Fig. 8b). The lateral aggre-
gation of two dimers into a tetramer is no longer mediated by coor-
dination force, and instead involves disordered Ca?*, Na* and H,0
molecules, etc. This introduces structural defects and gives rise to
defected egg-box structure. The defected egg-box structure is in
clear contrast to the ideal crystallographic structure shown in
Fig. 8¢, which requires strict structural regularity and alignment
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Fig. 8. 3D illustration of the formation of alginate egg-box structure by doubling growth: (a) critical dimerization of single chain via specific coordination; (b) doubling

growth of dimers into tetramer, octamer, and even bigger defected egg-box multimer by lateral aggregation via nonspecific interactions. The yellow dots (

) represent

specific coordinated Ca?* ions, whereas the red dots (@) represent nonspecific ions including Na* and Ca®* etc. Figure ¢ shows an ideal egg-box structure formed by
crystallographic packing of dimers, where the indicated dimension was derived from eq. (3). The dimension for single chain, dimer, tetramer, and octamer was obtained from
AFM measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for the side-by-side packing of dimers. Nonspecific interactions
mediated by the disordered cations presumably require less struc-
tural regularity and allow more flexible orientation for the packing
of dimers, and hence reduce the side-by-side spacing between two
dimers. For instance, two dimers might partly overlap each other
and/or align in different angles so that the overall measured width
is reduced (Fig. 8b). This leads to a smaller width of the tetramer
(1.33 nm), in comparison with that packed in a crystal (1.80 nm).
Similarly, the doubling of tetramer into octamer at higher R, and
likewise that into hexadecamer bring in more and more defects
and thus produce bigger deviation from the ideal structure.

It should be pointed out that the model in Fig. 8 only aims to
illustrate schematically the pathway of molecular assembly of algi-
nate in a 3D space. A more precise determination of 3D structure of
alginate aggregates is desired by using the techniques such as
high-resolution wide-angle X-ray diffraction (WAXD) and cryo-
genic transmission electron microscopy (Cryo-TEM). Although
the pathway of molecular assembly shown in Fig. 8 was obtained
from dilute alginate system, it should shed light on the gelation
behavior of alginate in concentrated solutions. For instance, the
critical threshold of R > 0.25 for the dimerization of alginate chains
could well explain the observed phenomenon that alginate solu-
tions only gelled when R > 0.25 [14,15]. The effect of counterions
on the gelation of alginate could also be well interpreted by the
nonspecific interactions mediated lateral aggregation as shown in
Fig. 8b [44].

8. Conclusions

The classic static egg-box model, developed for describing the
gelation mechanism of an industrially important biopolymer algi-
nate, failed to provide insights into the dynamic evolution and
growth mode of alginate chains mediated by Ca®*. Here, we
unveiled for the first time a doubling growth mode for the forma-
tion of egg-box structure by using AFM in combination with poly-
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mer statistical analysis. Alginate chains were found to pair into
dimers in a critical and cooperative manner when R (Ca/G) = 0.25
for higher G alginate and 0.50 for lower G alginate. The formed
egg-box dimers then acted as a structural basis for further lateral
aggregation at higher R. Lateral aggregation was found to take
place by successive doubling of dimers into tetramers, octamers
and hexadecamers. The doubling growth created less ordered
and more defected egg-box multimers, with increasing structural
deviation from the ideal classic egg-box model. The deviation
was attributed to the less critical and cooperative nature of the lat-
eral aggregation mediated by nonspecific cations such as Na* and
Ca®*. The findings shed light on a long-standing debate regarding
the pathway and mode of chain-chain association of alginate in
the presence of Ca?* and provided dynamic insight into the classic
static egg-box model. Further studies are required to link the dif-
ferent states of molecular assembly with the macroscopic proper-
ties of alginate, e.g., gel properties.
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