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Alginate gels crosslinked with chitosan oligomers —
a systematic investigation into alginate block

structure and chitosan oligomer interactionf
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Three alginates with fundamentally different block structures, poly-M, poly-G, and poly-MG, have been

investigated upon ionic crosslinking with chitosan oligosaccharides (CHOS), using circular dichroism
(CD), rheology, and computer simulations, supporting the previously proposed gelling principle of poly-
M forming zipper-like junction zones with chitosan (match in charge distance along the two

polyelectrolytes) and revealing a unique high gel strength poly-MG chitosan gelling system. CD

spectroscopy revealed an increased chiroptical activity exclusively for the poly-M chitosan gelling
system, indicative of induced conformational changes and higher ordered structures. Rheological
measurement revealed gel strengths (G’ < 900 Pa) for poly-MG (1%) CHOS (0.3%) hydrogels, magnitudes
of order greater than displayed by its poly-M analogue. Furthermore, the ionically crosslinked poly-MG

chitosan hydrogel increased in gel strength upon the addition of salt (G' < 1600 at 50 mM NaCl),

suggesting a stabilization of the junction zones through hydrophobic interactions and/or a phase
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separation. Molecular dynamics simulations have been used to further investigate these findings,

comparing interaction energies, charge distances and chain alignments. These alginates are displaying
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1 Introduction

Alginate is a linear polysaccharide predominantly occurring in
nature in the class of brown seaweed Phaeophyta,’ although
various bacteria such as Pseudomonas and Azotobacter vinelandii
incorporate alginate as exocellular polymeric material.>* Algi-
nates form a polysaccharide family composed of (1 — 4)-linked
B-p-mannuronic acid (M-unit) in *C; conformation and its C5-
epimer, o-i-guluronic acid (G-unit) in the 'C, conformation
with a pK,-value of circa 3.5. These unbranched polyanionic
block copolymers are composed of homopolymeric regions of
M-units (M-blocks), G-units (G-blocks), and regions of alter-
nating epimers (MG-blocks) of various lengths.**

Chitosans form a family of linear polysaccharides consisting
of (1 — 4)-B-linked 2-acetamido-2-deoxy-p-glucopyranose
(GleNAc) and its de-N-acetylated analogue (GlcN). These poly-
cationic derivatives of chitin can be prepared with varying
degrees of acetylation (F,) and polymerization (DP).® The amine-
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high gel strengths, are known to be fully biocompatible and have revealed a broad range of tolerance to
salt concentrations present in biological systems, proving high relevance for biomedical applications.

group of the D-unit (GlcN) has a pK,-value of circa 6.5,”° and
therefore their water-solubility correlates with their F, and the
surrounding pH.*°

Oligomer fragments of these polysaccharides, referred to as
CHito-OligoSaccharides (CHOS), can be prepared using chem-
ical or enzymatic methods. CHOS have attracted increasing
attention in recent years as they have been associated with
numerous biological effects.”*** Chitosan is known for its high
biocompatibility, biodegradability'>'® and low toxicity.'”**

Moreover, antimicrobial effects have been shown,'** which
are relevant for applications such as drug delivery, wound
healing and implants.”** For the development of novel appli-
cations, chitosans with a tailored DP, polydispersity, F, and
acetyl distribution are providing another tool for influencing
the functions, physical properties and biological effects of
biomaterials.

Hydrogels are networks of cross-linked hydrophilic polymer
chains able to retain large amounts of water. They are defined
by specific physical properties regarding their dynamic moduli,
describing elastic and viscous response to mechanical force.”®
Cross-links within hydrogels can be established through
hydrogen bonds®>” and hydrophobic interactions.”®* Ionically
crosslinked hydrogels are stronger affected by changes in pH
and exhibit a higher sensitivity towards swelling than their
covalently crosslinked counterparts. These different properties

© 2021 The Author(s). Published by the Royal Society of Chemistry
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broaden their spectrum of applications since further adjust-
ments to their specific environment are possible.*

The most common ionically crosslinked alginate gels are
established by the addition or release of multivalent cations
(e.g. Ca**, sr”* and Ba®"). Calcium-alginate hydrogels are
intensively studied and exhibit a broad utilization for cell
immobilization and the protection of cells from the host's
immune system.**** These ionically cross-linked gels can be
prepared through a diffusion method or internal gelation.* The
internal gelation method is carried out by mixing insoluble
calcium carbonate into the alginate solution, followed by
a controlled decrease of the pH through a slow proton-donator
such as the p-glucono-d-lactone (GDL), which results in the
homogeneous release of calcium ions and a subsequent gel
formation. The calcium ions show specific interactions with the
G-units and create junction zones between G-blocks (egg-box
formation) and partially MG-blocks.?*

As an alternative to the formation of junction zones between
the G-blocks with divalent cations, cross-linking consecutive M-
units of polymannuronic acid with fully deacetylated chitosan
oligomers has been previously investigated and the gelling
concept, gel strength, kinetics and swelling properties have
been characterized.***” These junction zones are stabilized by
a match in charge distance between chitosan and poly-M (*C,
conformation, diequatorial glycosidic linkage) which are both
at 10.4 A (ref. 38 and *) whereas the G-blocks (*C, conforma-
tion, diaxial glycosidic linkage) exhibit a shorter charge distance
of only 8.7 A (ref. 40) and do not form (strong) gels with
chitosan.

To gain further insight into this new gelling concept, we
isolated fully de-N-acetylated chitosan oligomers of different DP
and systematically applied these CHOS as crosslinker to highly
purified and characterized poly-M, poly-G and strictly alter-
nating poly-MG (Fg = 0.47, Fgg = 0) alginate.**

Through rheological methods detailed information about
gel strength and gelling kinetics have been obtained. During
this characterization, it has been discovered that while poly-G
does not form gels at all, poly-MG is able to form up to 10-
fold stronger gels than its poly-M analogue.

This counterintuitive phenomenon that the strongest
hydrogel is formed by an alginate deviating in charge distance
from its crosslinker chitosan, has been further investigated
through circular dichroism in order to determine potential
structures of higher order or conformational changes within the
alginate molecule,*> as well as through molecular dynamics
simulations to calculate differences in interaction strengths,
ionic bond lengths and alignments, ruling out different expla-
nations for this peculiar phenomenon and refining the previ-
ously presented gelling concept.

2 Experimental
2.1 Materials

Alginates. High molecular weight mannuronan (poly-M) was
isolated from a C-5 epimerase negative mutant of Pseudomonas
fluorescens according to Holtan (2006).** Poly-MG was synthe-
sized by epimerizing a poly-M alginate using AlgE4 epimerase as
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previously described.** The enzyme processively epimerizes
every second mannuronic acid residue into guluronic acid,
converting the substrate almost entirely into a strictly poly-
alternating MG-sequence (Fg = 0.47, Fgg = 0)."* A guluronic
acid enriched alginate (poly-G) was prepared by in vitro epime-
rization with recombinantly produced C-5 epimerase AIgE6 as
previously described.*® The intrinsic viscosity of all 3 alginates
was determined using an Ubbelohde capillary viscometer
(Schott-Gerite) equipped with an AVS 310 control unit and PC-
operated titrator. Nine concentrations (10 to 0.5 g L™, solvent
0.1 M NaCl) were analysed at 20.0 °C with 4 repetitions each.
Automatic data acquisition and calculations was used, applying
a Mead-Fouss, Huggins, Billmeyer, and Herman plot.

The molecular weight average was measured by Size-
Exclusion Chromatography (SEC) using an HPLC system fitted
with online Multi-Angle static Light Scattering (MALS) Dawn
HELEOS-II multi-angle laser light scattering photometer (Wyatt,
U.S.A.) (Ao = 663.8 nm) followed by an Optilab T-rEX differential
refractometer. The eluent was 0.15 M NaNO3/0.01 M EDTA (pH
= 6,1 =0.17 M) and the flow rate was 0.5 mL min~—". The data
were collected and processed using the Astra (v. 6.1) software
(Wyatt, U.S.A.).

Chitosan oligomers. Fully de-N-acetylated chitosan (F, =
0.001) was prepared by a further heterogeneous de-N-acetyla-
tion of a commercially available chitosan (Kimica, Japan). Fully
de-N-acetylated chitosan oligomers were prepared by enzymatic
hydrolysis of the fully de-N-acetylated chitosan using
a commercial chitosanase from Streptomyces griseus (Sigma
C9830) and a subsequent separation using size exclusion
chromatography.*

In addition a chitosan oligomer mixture (DP,, = 3.96, Fy, =
0.045) provided by Koyo Ltd Co (Japan), lot number 121017WG
was used in comparison.”” p-Glucono Jd-lactone (GDL) was
purchased from Sigma-Aldrich (U.S.A.). All other chemicals
were of analytical grade and used without any further
purification.

2.2 Gel preparation

The different alginates were dissolved in distilled water at
a concentration of 3% (30 g L™"). The selected chitosan oligo-
mers were dissolved in distilled water at a concentration of 10%
and the pH was adjusted to 8.0, using 1 M NaOH. 1.0 mL of 3%
alginate solution was weighted into a glass vial and a maximum
of 182 uL of the selected chitosan oligomer solution (equaling
0.6% final concentration, see ESIt) was added together with
distilled water to obtain a total volume of 2 mL. The mixture was
stirred for 10 minutes. 15.95 mg of GDL were solved in 1 mL
distilled water right before adding to mixture (final alginate
concentration of 1%) followed by intensive stirring for 30 s and
immediate casting on the rheometer bottom plate.

2.3 Rheological measurements

Rheological measurements were performed with a Kinexus
rheometer (Malvern Instruments, United Kingdom), using
a 40 mm serrated plate probe and a serrated bottom plate with
a1l mm gap.
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Table 1 Characterization of alginates through their monad and diad
fraction, their molecular weight and number average and their intrinsic
viscosity

(7]

Alginate Fg Fy Fgg Fom Fum My [kDa] M, [kDa] [mLg™]
Poly-M  0.00 1.00 0.00 0.00 1.00 232 104 740
Poly-MG 0.47 0.53 0.00 0.47 0.07 158 65 534
Poly-G  0.88 0.12 0.83 0.05 0.07 225 105 727

The test methods employed were oscillatory time and stress
sweep at a constant temperature of 20 °C. For the time sweep,
the experiments were performed at a low oscillation frequency
(1 Hz) and a shear strain (0.001) to ensure that the measuring
conditions did not disrupt the gelation process. The strain
sweep (0.0005 to 0.1), at a constant frequency of 1 Hz, was used
to ensure the strain lays in the linear viscoelastic region (LVR) of
the hydrogels. Frequency sweep experiments were performed in
the linear viscoelastic region (0.01 to 10 Hz) with a constant
strain of 0.001 and a delay time of 2 seconds between the
measurements to characterize the viscoelastic properties as
a function of frequency. Three parallels were performed for
each experiment.

2.4 Circular dichroism

Circular dichroism spectra were recorded using a Chirascan™
V100 equipped with a Chirascan™ monochromator using two
synthetic, single-crystal quartz prisms. All samples were
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recorded in distilled water at 25 °C. A quartz cuvette with 5 mm
optical pathlength was used and an array from 180 to 260 nm
was scanned with a bandwidth of 1 nm, a time constant of 3 s
(scan rate 20 nm min~"). The stock solutions of the different
alginates and chitosan oligomers were prepared short before
the experiments and adjusted to pH 4.5 to ensure strong
interaction between the chitosan oligomers and the alginate.’”
The final concentration of alginate was kept constant at 0.4 g
L™, the chitosan oligomer concentration was systematically
increased from 0.1 to 0.8 g L™,

2.5 Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using
GROMACS (version 5.1.4).*® Initial configurations, consisting of
the different types of alginates and chitosan tetramers or
octamers, were created using the 3D builder tool in Maestro.”
These initial geometries were optimized at the B3LYP-D3/6-31**
level of theory using Jaguar,*® and the different configurations
we considered are detailed in Section 3.6. After the geometry
optimization, the configurations were converted to GROMACS,
and the OPLS-AA force field was used to model the interac-
tions.” Coulombic forces were obtained using the smooth
particle mesh Ewald (PME) method,*® van der Waals interac-
tions were truncated at 1.4 nm, and dispersion corrections were
applied to the energy and pressure terms. Further, periodic
boundary conditions were applied in all directions, and all
bonds were constrained using the LINCS algorithm.* Following
a geometry optimization using a steepest descent algorithm as
implemented in GROMACS, the alginate-chitosan molecules

RI [mV]

i 9 1"

13 15 17
t[h]

Fig. 1 Size exclusion chromatogram of chitosan (Fo = 0.001) degraded by chitinase from Streptomyces griseus (blue dotted line). Isolated
chitosan hexamer (red line). The number of glucosamine units in the oligomer peak is given in bold numbers.
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were solvated by adding ions (Na" and Cl~) and water molecules
using the TIP4P model of water,** in agreement with experi-
mental concentrations and electroneutrality. To equilibrate the
solvated system, a short (100 ps) MD simulation was carried out
using the thermostat of Bussi et al. (2007) (with a target
temperature of 300 K and a coupling parameter of 0.1 ps) and an
isotropic Berendsen barostat (with a target pressure of 1 bar,
coupling parameter of 2 ps and isothermal compressibility of
4.5 x 10° bar )."*%* Production MD simulations were then
carried out in the isothermal-isobaric ensemble where the
temperature was controlled using the same thermostat as
detailed above, and the pressure was controlled with an
isotropic Parrinello-Rahman barostat (same settings as given
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above).* The equations of motion were integrated using a Leap-
Frog integrator with a time step of 2 fs and the production
simulations were carried out for 100-350 ns in which we
monitored the interactions and the configurations.

3 Results

3.1 Characterization of alginates

The three different types of alginate of poly-M, poly-G and poly-
MG used in this study, were selected based on their guluronic
acid (G) and mannuronic acid (M) composition as well as their
diad fraction Fgg, Fpme and Fyy (see Table 1). Monad and diad
composition were determined using NMR spectroscopy

G' [Pa]
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Fig. 2 Influence of NaCl concentration on the kinetics of gelation for (A) poly-M and (B) poly-MG. Alginate concentration at 10 g L™ (1%),
chitosan octamer concentration at 3 g L™* (0.3%), GDL at 2 g L™, NaCl concentration added at 0 mM (red), 50 mM (blue), 150 mM (green),
500 mM (purple). G’ was determined as a function of time. G” and delta are not shown in the figure for reasons of clarity.
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according to Grasdalen et al. (1981, 1983), revealing three algi-
nates with different almost exclusively homopolymeric block-
structures.’®*” Additionally, the three samples were selected
based on their molecular weight average (M,,) and intrinsic
viscosity ([7]), to mitigate the influence of their molecular size
on the conducted gelling experiments.*®**

3.2 Characterization of chitosan oligomers

The isolated chitosan oligomers through SEC-fractionation,
showed a purity of =95% with only minor impurities from the
sequentially neighboring oligomers DP,., (see Fig. 1).

3.3 Gel strength and kinetics of gelation as function of
chitosan oligomer length

The three types of homogeneous block-polymers poly-M, poly-
MG and poly-G were tested against a set of purified chitosan
oligosaccharides (CHOS), consecutively increasing in degree of
polymerization from DP = 5 to 9 (see Fig. 2). The kinetics of
gelation were followed by measuring the storage modulus (G')
and the loss modulus (G”) as a function of time (¢). The CHOS
concentration (w/v%) was identical for each setup and the pH
was monitored, resulting in a final pH of 4.35 + 0.05 (measured
after 5 h). This pH has previously been found to give the
strongest CHOS-alginate gels while simultaneously showing
small pH related deviations in gel strength.*”

In agreement with previously reported data, poly-G displayed
no signs of gel formation for any chitosan oligomer indepen-
dent of DP and concentration.*® Through rheological measure-
ments of poly-G chitosan oligomer gelling systems high phase
angles (6) close to 90° were obtained, representative of a viscous
solution (see ESIf). An increase in chitosan oligomer concen-
tration to half of the poly-G concentration (or higher), lead to
a precipitation of the alginate, likely caused by non-specific
electrostatic interactions.

50
A
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When comparing poly-M with poly-MG the mannuronic acid
homopolymer showed faster gelling kinetics, reaching an
apparent equilibrium after about 20-30 min for all different
chitosan DPs (Fig. 2A), while the poly-MG gelling system
reached the apparent equilibrium after approximately 60-
90 min (Fig. 2B).

For all CHOS-poly-M gelling systems, the phase transition
from predominant viscous (G’ < G”) to predominant elastic (G’ >
G") properties, where the phase angle drops below 45°, occurred
within the first minute, which indicates a fast gelling system (G”
and 6 are not depicted here). For poly-MG the phase transition
occurred after about 5 minutes for DP = 6-9 and after 30 min
for DP = 5.

The smallest CHOS capable of forming poly-M gelling
systems is the fully de-N-acetylated chitosan tetramer.””
However, poly-MG was not capable of forming a gel with chi-
tosan at DP = 4, neither with a pure tetramer nor with
a commercial chitosan oligomer mixture (DP, = 3.96) (see
ESIt). For DP = 4 the viscoelastic properties of poly-MG are
mimicking the ones of poly-G, resulting in a precipitation of the
alginate instead of a gel formation. CHOS at DP = 5 are the
shortest fully de-N-acetylated chitosan oligomers capable of
establishing a poly-MG hydrogel. Those poly-MG chitosan gels
at DP = 5 expressing a lower G’ than their poly-M counterpart.
While the chitosan hexamer displays in a similar G’ value in
poly-M and poly-MG systems. For CHOS with a DP = 7 poly-MG
expresses a sharp increase in gel strength, displaying a storage
modulus orders of magnitude greater than for poly-M.
Furthermore, a different trend for both types of alginate can
be observed. While an increase in chitosan oligomer DP leads to
an increase in gel strength in both types of alginate, the relative
increase between consecutive oligomers becomes smaller in
poly-M systems (see Fig. 3). In poly-MG systems on the other
hand, the formed gels exhibit a strong increase in the storage
modulus towards DP = 9, both in absolute and relative
amounts.
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Fig. 3 Final gel strength as a function of degree of polymerization of chitosan. (A) Poly-M: (B) poly-MG. Alginate concentration at 10 g L™ (1%).
Chitosan concentration at 3 g L™ (0.3%). GDL at 2 g L. G’ value determined after 5 h.
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Alginate-CHOS gelling systems with chitosan oligomer DPs
= 10 have been prepared, but the formed hydrogels were
inconsistent in texture due to a decreasing solubility at pH 8 of
the higher chain length CHOS and measurements showed
strong deviations.'*®

A frequency sweep control experiment of the poly-MG CHOS
nonamer system was performed, without adding the proton
donator p-glucono-d-lactone (GDL), showing liquid like prop-
erties at pH 7.5 (phase angle close to 90°) along a broad
frequency range from 0.01 to 10 Hz (see ESIt). Those findings
are in agreement with previously measured poly-M and poly-G
systems.***” To control for temperature related effects on the
gel formation potentially caused by an increased or decreased
molecular mobility, both poly-M and poly-MG were gelled at

40
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4 °C, 20 °C and 40 °C, using the CHOS octamer. After 5 h the
temperature was adjusted to 20 °C where no significant differ-
ence in final gel strength between the 3 samples gelled at
different temperatures could be observed (data not shown).

3.4 Gel strength and kinetics of gelation as function of salt
concentration

Chitosan (DP = 8) crosslinked alginates hydrogels made from
either poly-M or poly-MG were tested against a set of different
salt (NaCl) concentration. The kinetics of gelation were followed
by measuring the storage modulus (G') and the loss modulus
(G") as a function of time (¢). Since both, alginate as well as
chitosan oligomers are introduced in their salt form, the
formation of each ionic bond between the carboxyl and amino
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Fig. 4 Influence of NaCl concentration on the kinetics of gelation for (A) poly-M and (B) poly-MG. Alginate concentration at 10 g L™ (1%),
chitosan octamer concentration at 3 g L™* (0.3%), GDL at 2 g L™, NaCl concentration added at 0 mM (red), 50 mM (blue), 150 mM (green),
500 mM (purple). G’ was determined as a function of time. G” and delta are not shown in the figure for reasons of clarity.
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Fig.5 Circular dichroism spectra of (A) poly-M with chitosan DP = 4; (B) poly-M with chitosan DP = 8; and (C) poly-MG with chitosan DP =4 and
DP = 8. The alginate concentration was consistently at 0.4 g L™, The chitosan concentration ranged from 0.2 to 0.8 g L™, All measurements
performed at pH = 4.5and T = 25 °C.
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groups will release one NaCl equivalent. At a chitosan oligomer
concentration of 3 g L™" this leads to an initial NaCl concen-
tration of maximum 15 mM.

After adding 50 mM NaCl to the chitosan poly-M gelling
system, a decrease to two thirds of the original gel strength was
observed (see Fig. 4). An addition of 150 mM NaCl decreased the
gel strength to one third of the original gel strength. When
500 mM NaCl were added, no stable gel formation was observed
any longer. Beside the decrease in gel strength, the gelling
kinetics slowed down as well. The apparent equilibrium for the
plain mannuronate chitosan sample occurred after 20 minutes,
followed by 40 min for the 50 mM NaCl sample and 100 min for
the 150 mM NaCl sample. A decrease in both gel strength and
gelling kinetics is well described for alginates and other ioni-
cally crosslinked hydrogels.®*-*

For poly-MG crosslinked with the chitosan octamer an
almost opposite effect upon the addition of salt was observed.
Instead of a decrease, the gel strength quadrupled when 50 mM
NaCl was added to the gelling system. Upon an addition of
150 mM NacCl, the storage modulus G’ was about three times
higher than for the equivalent mixture without added salt. In
contrast to the poly-M counterpart, the poly-MG chitosan
system could form a stable gel upon the addition of 500 mM
NaCl. The obtained gel strength for this high salinity mixture
was reduced to about half of the original poly-MG chitosan
octamer gelling system. The gelling kinetics for the poly-MG
CHOS gelling systems showed to be almost not effected upon
an increase in salt concentration, except for the highest salt
concentration at 500 mM which displayed a decrease in gelling
kinetics. The apparent equilibria occurred after 50, 60, 70 and
130 min for 0, 50, 150 and 500 mM of added Nacl, respectively.

3.5 Circular dichroism

The pure poly-M, poly-MG and poly-G alginate samples were
analyzed through circular dichroism and spectral changes upon
the addition of chitosan oligomers were investigated. The CD
spectra of the three pure types of alginate are in agreement with
previously reported data.** The poly-G lies completely in the
area of negative ellipticity, while poly-M shows an intense
positive band between 190-210 nm, originating from n—m*
transitions (with minor contributions of w—* transitions
below 200 nm).** The CD spectrum of alternating MG-
sequences, lies in between although is not identical to an
equimolar mixture of poly-M and poly-G (see ESIT).°**® By
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addition of chitosan oligomers with a degree of polymerization
of 4 to poly-M alginate (Fig. 5A), the positive band between 190-
210 nm shows a strong increase while the trough at 210-240 nm
is deepened, suggesting an alignment of chitosan oligomers
and poly-M alginate into a higher ordered conformation.®” An
increase in chitosan tetramer concentration from 0.5 to 1.0 to
2.0 times the alginate concentration (based on monosaccharide
unit concentration, see ESIt) does not increase this effect. The
bands only increase for the amount that chitosan itself adds to
the cumulative measurement value (see ESIT). By addition of
chitosan octamer, the effect at half-concentration towards the
alginate was almost identical to the effect observed when using
the DP = 4 oligomer but increased further at equal concentra-
tion of chitosan and alginate. Double-concentration of DP = 8
showed an even further increase of this effect, which was higher
than the cumulative contribution to the CD band by the chito-
san itself. The peak maxima for all poly-M-DP = 8 setups can be
found at 199 nm. The trough minima are located at 220 nm (and
217 nm for pure poly-M, respectively). A cross section for all
parallels was found at 214 nm.

The CD spectrum of poly-MG displayed no change upon
addition of both chitosan DP = 4 and DP = 8 at half-
concentration of the alginate. Equal concentration lead to
a precipitation and concealed the alginate bands. Poly-G (see
ESIT) followed the same trend as poly-MG, exhibiting no CD
change induced through chitosan oligomers at half-
concentration. An equal concentration of chitosan and poly-
MG lead to precipitation of the aggregate.

3.6 Molecular dynamics simulation

Different sets of alginate dodecamers consisting of only M-, G-
or strictly alternating MG-units were simulated interacting with
chitosan tetra- or octamers. The chitosan and alginate oligo-
mers, their concentration and ratio to each other were varied, as
well as the present salt concentration. Water molecules were
added to the system to make the concentration of alginate equal
to 0.05 M. For the salt concentration, two different cases were
considered: a low concentration system where ions (Na' and
Cl7) were added to make the whole system electroneutral and
a high concentration system where ions were added to match
the experimental concentrations.

When simulating one M-oligomer, one G-oligomer, or one
MG-oligomer (all with DP = 12) interacting with chitosan of DP
= 4, no significant difference in molecular distance or

A. Initial structure (geometry optimized).

B. Geometry after 200 ns.

Fig. 6 Snapshots from a MD simulation of the MG-oligomer (DP = 12) and the chitosan oligomer (DP = 4) (Na* and CL™ ions are not shown).
(Left) The initial geometry optimized configuration. (Right) The configuration after a MD simulation lasting 200 ns, showing some distortions

compared to the initial structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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alignment emerged. Histograms showing the interaction
potential energies between the alginate and chitosan are shown
in Fig. 7 and snapshots from the simulation of the MG-oligomer
are shown in Fig. 6. In all these simulations, the alginate olig-
omer and the chitosan oligomer remain bounded.

When applying a chitosan octamer to a M-, G-, or alternating
MG-dodecamer in 1:1 ratio, only small differences were
revealed. However, within the margin of error, the interaction of
chitosan with the G-oligomer appears to be slightly stronger.
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The interactions between the alginate and the chitosan as well
as simulation snapshots are shown in the ESL{

The simulations of alginate and chitosan oligomersona2 : 1
ratio, closer to the conditions in the macroscopic gelling
system, where junction zones are formed between two alginate
segments ionically crosslinking through chitosan, revealed that
the strongest interaction between chitosan and alginate
occurred for the MG-oligomers with a high salt concentration.
This was closely followed by the G-alginate (with a low salt
concentration), which in macroscopic systems precipitates
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Fig. 7 Average (A) and histograms (B) of the interaction energies between alginate oligomers (DP = 12) and a chitosan oligomer (DP = 4). The
average interaction energy is lowest for the G-oligomer and largest for the M oligomer, however there are significant overlaps between the
distributions of the interaction energies in this case. These simulations were carried out for 200 ns for systems with a low concentration of salt. A

more negative potential energy corresponds to a stronger interaction.
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Fig. 8 Snapshots of structures from MD simulations of the 2 : 1 alginate : chitosan systems. For the G-oligomer, space filling structures are also
depicted to exemplify how the alginate oligomers (color pink) can wrap around the chitosan oligomer (color gray).

upon the addition of chitosan oligomers.*® Fig. 9 shows the
interaction energies in those cases, and shows Fig. 8 snapshots
of different configurations from the MD simulations. These
snapshots show that the alginate oligomer can distort its
structure and wrap around the chitosan oligomer in order to
better align charged groups. This effect is more pronounced in
low salt concentration systems and for the G-oligomer. To
further compare these distortions, Fig. 10 shows the root mean
squared displacement (RMSD) for the alginate—chitosan system,
compared to the geometry optimized vacuum structures. This
figure shows that the largest deviation from the vacuum struc-
ture occurs for the G form of the alginate, while the values are
comparable for the two other forms.

Interestingly, within the scope of the simulated salt
concentrations, MG-oligomers were the only ones showing an
increase in interaction (lower interaction energy) with an
increase in salt concentration, while M- and G-homooligomers
showed a decrease. This hints towards an additional stabiliza-
tion of the chitosan-MG-junction zones through hydrophobic
interactions.®*®

Due to the distortion of the molecular structures (as shown
in Fig. 8 and 10), the charge distances given in Scheme 1 may
change. These charge distances were monitored in the MD
simulations by calculating the 3D charge distances for every
second carboxyl group or amino group along the polysaccharide
chains (see Fig. 11 which show these distances for the sand-
wiched 2 : 1 alginate : chitosan system). An overlap in charge

© 2021 The Author(s). Published by the Royal Society of Chemistry

distance between poly-M alginate and chitosan was previously
hypothesized to establish a zipper-like junction zone between
two polymer chains along the opposing sides of a chitosan
oligomer (see Scheme 1 and ESIf).** The calculated charge
distances, anticipating freely moving molecules in vacuum,
were compared with previous measurements obtained from X-
ray crystallography.®**°

The simulated oligomers showed a varying degree of good
agreement for the calculated charge distances versus distances
obtained from crystal diffraction (see Table 2). For chitosan and
poly-M the measured values and calculated values are almost
identical. However, we note that the values for chitosan span
a small range (10.6-11.1 A) when solvated in water. In general,
the simulated structures have a larger range of possible stable
conformations when solvated in water, and this is reflected in
the calculated distances. In particular, the carboxyl groups at
the ends of the alginate oligomers exhibit some more freedom
in the simulations with water compared to the vacuum struc-
ture. For poly-G the simulation delivered a charge distance 6.9%
longer than the one obtained from the crystal structures (8.7
versus 9.3 A). However, it should be considered that poly-
saccharide crystal structures are often stabilized by intermo-
lecular hydrogen bonds, which can lead to slight distortions of
atomic bond angles and dihedral angles. Those distortions will
not occur for isolated molecules in vacuum or may average out
in solution.

RSC Adv, 2021, 11, 13780-13798 | 13789
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Fig. 9 Averages (A) and histograms (B) of interaction energies for the 2

: 1 alginate : chitosan systems considered, obtained in MD simulations

lasting 350 ns. The average interaction energy is lowest for the MG-alginate system with a high salt concentration, while it is largest for the M-

alginate system with a high salt concentration.

The calculated intramolecular charge distance for poly-MG
(9.8 A) is intermediate of the values determined for poly-M
(10.6 A) and poly-G (9.3 A) and still relatively close to the
value for chitosan (10.6-11.1 A). This relative overlap in interval
distances of poly-MG and chitosan might explain why longer
chitosan oligomers are able to form stable hydrogel scaffolds,
like poly-M, while CHOS applied to poly-guluronate just leads to
a precipitation. Interestingly, we see that the strongest inter-
actions are not obtained for systems where the calculated
charge distances in alginate and chitosan are “best” matched.
This can be explained by the observed distortions in the

13790 | RSC Adv, 2021, 11, 13780-13798

structures (see Fig. 8) which may lead to alignment of charged
groups.

To further characterize the chitosan alginate junction zone,
the number of contacts between carboxyl and amino groups for
various compositions of chitosan and alginate oligomers has
been determined. Hereby, contact refers to a distance criterion
of =3 A in between any NH;" with any COO~ group. For the
chitosan octamer interacting with a single dodecamer of each
type of alginate (see Fig. 12), the average number of contacts for
the M-, and G-alginate was slightly above 4, while being slightly
below 4 for the MG-alginate. The average number of contacts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was reduced at high salt concentration for all three types of
alginate.

The calculation of contact points for alginate and chitosan
oligomers on a 2 : 1 ratio revealed an average slightly below 8
(see Fig. 13), for G- and MG-segments ionically crosslinked with
the chitosan octamer (low salt concentration), while showing an
average of 7 contacts for the M-alginate complex. When the salt
concentration was increased, the number of contacts decreased
for M- and G-alginate, while it increased for the MG-segments to
an average above 8. A further noteworthy observation, M-
alginate showed a maximum of 8 contacts chelating the chito-
san octamer, while G- and especially MG-alginate showed
a major distribution towards 9 and 10 contact points. A calcu-
lation on the type of interactions, comparing the force field
contributions for charge-based interactions (Coulomb) with
hydrophobic interactions (Lennard-Jones), revealed that the
interaction between the chitosan and alginate is dominated by
coulombic interactions in all cases (see ESIT).

© 2021 The Author(s). Published by the Royal Society of Chemistry

4 Discussion

Poly-MG alginate gel crosslinked with chitosan oligomers
showed the ability to form hydrogels which are orders of
magnitude stronger than their poly-M counterparts. Further, an
increase in chitosan oligomer DP led to a higher relative
increase in gel strength for poly-MG compared to poly-M, sug-
gesting a different underlaying crosslinking mechanism for the
two different types of alginate block structures.

To investigate the association and binding of chitosan olig-
omers to the different alginate block structures, a set of circular
dichroism experiments was performed, comparing the three
alginate types upon the addition of CHOS at various DPs and
concentrations.

Circular dichroism has been used in the past as a sensitive
and reliable method to investigate the diadic composition of
alginates, as well as characterizing the interaction of calcium
ions with the three different types of block structure.*>** It was
previously demonstrated that the chiroptical properties of
carboxyl chromophores, including guluronic and mannuronic

RSC Adv, 2021, 11, 13780-13798 | 13791
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Fig. 11
MD simulations of the sandwiched 2 : 1 alginate : chitosan systems.

Table 2 Polymer charge distance for every second carboxyl or amino
group along the polysaccharide chain. Comparison of previously
determined charge distances through crystal structure analysis versus
calculated distances for the MD simulations.*#-4°

MD simulations

Polymer Crystal (A) in water (A)
Chitosan 10.4 10.6-11.1
Poly-M 10.4 10.6
Poly-MG 9.8

Poly-G 8.7 9.2-9.3

acid, strongly depend on the local ring geometry, *C; versus 'C,
conformation and neighbouring units.*>*°

Alginate exhibits strong CD bands between 190-230 nm,
originating from n — w* transitions of the carboxylic acid
group (with some contributions from = — 7* transitions below
200 nm).5>7°

The chain-chain association expressed when G-sequences
are ionically connecting through calcium in a chelate type
binding, have been previously described using circular
dichroism. The interpretation of CD spectral intensity changes
as a consequence of G-block dimerization through calcium
(“egg-box” formation) are widely accepted.®” Morris et al. (1975)
demonstrated a linear change in band intensity when the
concentration of calcium ions was increased at constant poly-
guluronate concentration, whereas no change was observed
when applied for poly-mannuronate. This clearly indicated
a conformational effect on the poly-G chain (secondary struc-
ture) induced by Ca*". No similar effect was observed for the

13792 | RSC Adv, 2021, 11, 13780-13798

Intramolecular distances between alternating carboxyl groups (left) or amino groups (right) in alginate and chitosan oligomers from the

poly-M analog. Donati et al. (2005) extended this investigation
using enzymatically produced strictly alternating poly-MG
alginate.*> Variations in molar ellipticity, showed an induced
conformational effect through Ca®* on MG-blocks similar to
poly-G (albeit with smaller intensity differences).

In this study, a similar approach was conducted, comparing
chiroptical properties of three different alginate block types
upon the addition of stoichiometric amounts of CHOS. Since
the CD bands of carboxylic acid groups are influenced by their
protonation, the pH of all CD sample solutions was adjusted to
4.5 in advance (strong interaction of alginate and CHOS previ-
ously determined).®®”® The molar ellipticities of the three
different pure alginates and two chitosans were in excellent
agreement with earlier reported data.®*”*

The addition of chitosan tetramers to poly-M at half the
alginate concentration, lead to an elevated positive peak at
199 nm and a deepened negative ellipticity with a minimum at
220 nm. The observed CD change aligns with the concept of
“zipper like” junction zones between chitosan and mannur-
onan, proposed by Khong et al. (2013) due to their match in
charge distance. The structural effect induced by the chitosan
tetramer at half the poly-M concentration, does not further
increase at equal and double concentration of tetramer to
alginate, suggesting a sandwich like conjugation of chitosan in
between two poly-M chains. When the chitosan octamer is
applied, the effect at half the alginate concentration overlaps
with the effect induced by CHOS DP = 4. However, unlike for
the tetramer, the gain in molar ellipticity doubles when the
CHOS DP = 8 concentration is increased to equal concentration
of alginate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A possible interpretation could be a more rigid conforma-
tional change by the chitosan octamer due to less flexibility
along the 2/1 helical alginate chain. More likely however, is that
the chitosan octamer is able to form more stable associations
with isolated alginate segments, due to its four charges per side,
ionically stabilizing the association instead of two charges per
side for the tetramer.

The fact that the induced conformational effect further
increases when the octamer concentration is increased to
double the alginate concentration, gives more validity to this
hypothesis. When the chitosan DP = 8 concentration is twice
the alginate concentration, a further stabilization of the algi-
nate chain might occur by CHOS associating from both sides of
the alginate chain.

None of these induced structural effects, detected by CD
spectroscopy, was observed for poly-G or poly-MG. Additionally,
an equal concentration of CHOS lead to precipitation of the
polysaccharide aggregates for both poly-G and poly-MG. The CD
results for poly-M provide further evidence for the “zipper like”
gelling concept, where probably a match in charge distance
between chitosan and mannuronan, leads to a conformational
change in the polymer chain and to the formation of a higher
ordered structures.**”> While none of these induced structural
effects was observed for MG-blocks, the poly-MG-CHOS gelling
systems still displays high gel strengths during rheological
experiments, orders of magnitude above their poly-M analogue
(when chitosan DP > 6). This suggest a fundamentally different
gelling mechanism, underlaying the formation of chitosan-
poly-MG junction zones.

A clue to the different underlaying gelling mechanism might
be taken from the visual appearance of the hydrogels. While
poly-M-CHOS gels are clear and almost fully transparent, poly-
MG-CHOS gels were visually observed to be highly turbid,
indicative of a possible phase separation.®®

According to gel theory, ionically crosslinked hydrogels are
weakened upon the addition of salt. The salt ions are shielding
off attractive electrostatic forces of the ionic crosslinker and
reduce the entropic driving force for electrostatic interaction,
leading to a decrease in gel strength and gelling kinetics,
potentially even to the collapse of gel network or precipitation.”
If the junction zone, however, is stabilised through a phase
separation, the addition of salt increases the difference in
polarity between the solvent and junction zone and is further
stabilising the association.

Nowak et al. (2003) demonstrated for amphiphilic poly-
peptide hydrogels, containing hydrophilic charged segments of
poly-i-lysine and poly-t-glutamic acid as well as hydrophobic
segments of poly-L-leucine, that the hydrogels (at 3.0 wt%) are
increasing in gel strength when 50 mM NacCl is added to the
system, up until 250 mM NaCl. Simultaneously an increasing
turbidity was observed. For amphiphilic polypeptide hydrogels
at 1.0 wt% (or lower), a weakening of the gels and subsequent
precipitation upon the addition of salt was detected. The
combination of hydrophobic and hydrophilic segments for the
hydrogels showed a unique tolerance towards different pH and
salt conditions, attributed to self-assembly of hydrophobic R-
helical domains.®®”* A similar approach was conducted by
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Boisseson et al. (2004), who modified alginates covalently link-
ing long hydrophobic alkanes (octadecyl and dodecyl chains) to
the polysaccharide backbone. The hydrogels beads were formed
through ionotropic gelation using the alginate dropping
method into calcium solution. The addition NaCl in the CaCl,
solution increased the stability of the calcium alginate hydro-
gels due to increasing hydrophobic interactions of the alkyl side
chains and reduced swelling of the beads.*

To investigate a stabilization through a phase separation and
potentially the involvement of hydrophobic interactions stabi-
lizing the poly-MG-CHOS junction zones, rheological experi-
ments have been conducted analyzing poly-M and poly-MG
crosslinked with a pure chitosan octamer upon the addition of
0, 50, 150, 500 mM NaCl. The transparent poly-M-chitosan gel
followed the trend of a typical ionic tropic gelation, displaying
reduced overall gel strength and slower gelling kinetics with an
increasing salt concentration. Further supporting the zipper-
like gelling concept of the two biopolymers. The turbid poly-
MG chitosan octamer gelling system on the other hand,
showed a sharp increase in gel strength (approx. doubling of G)
when 50 mM NaCl was introduced. Furthermore, no decelera-
tion of the kinetics was observed. Unlike poly-M, the alternating
MG-blocks were able to form a hydrogel at the highest applied
salt concentration of 500 mM. Those results suggest the stabi-
lization of junction zones either through hydrophobic interac-
tions between chitosan and alginates MG-blocks or through
a phase separation based on a more efficient compensation of
charges in the chelate like complex, creating a localized
segment with low polarity. This, to our knowledge, not been
reported before.

The rheological results upon the addition of NaCl, as well as
the appearance are aligning with previously reported studies on
phase separations within hydrogels.®*”>7¢

To gain further inside into the formation of junction zones,
chain alignments and binding energies, computer simulations
of alginate block oligomers (DP = 12 and 24) and chitosan
oligomers (DP = 4, 8) were performed. The interactions of
alginate and chitosan at different concentration, ratio, DP, and
salt concentration have been calculated. Within the scope of the
simulations, no particular conformation of CHOS and alginate
strongly differed from the other alginate block types and asso-
ciations, nor did the binding energies reveal large differences
between binding energies and junction zones. Nevertheless, the
strongest interaction for a sandwich type chelation (junction
zone) was observed for the chitosan octamer chelated in
between two MG-blocks at high salt concentration. Further was
the chitosan-MG-complex, the only simulated chain association
where the binding energy increased upon the addition of salt
instead of decreased suggesting an additional stabilization of
the junction zone by hydrophobic interactions, not present in
poly-M-chitosan-hydrogels. Calculations on the coulomb and
Lennard-Jones potential revealed only small contributions of
hydrophobic interactions.

When calculating the number of contacts between the chi-
tosan octamer and the different alginates, the contact number
for M-alginate was close to but never exceeded 8 (the number of
available amino groups), giving further evidence to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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previously hypothesised zipper-like chain alignment of these to
poly- and oligosaccharides. For the chitosan octamer chelated
by MG-alginate the number of contacts was close to 8 but with
a significant distribution towards 9 contacts. Upon the addition
of salt, those values further increased, showing an average
number of contacts above 8 with even a significant distribution
at 10 contacts.

The high number of contacts indicates a very compact
junction zone formation for CHOS-poly-MG. While the data for
poly-M chitosan junction zones clearly indicates a gel formation
based on poly-ionic interactions, for MG-alginate we suggest (at
least) two different interaction mechanism working simulta-
neously: electrostatic and hydrophobic.

The calculated distance of consecutive charges along MG-
blocks (9.8 A) will be close enough to chitosan (10.5 A) to
initiate a Manning condensation between the two block coun-
terions and electrostatic interactions will be the predominant
factor for the formation of chitosan poly-MG junction zones.””
However, it was demonstrated through molecular dynamics
that hydrophobic interactions (Lennard-Jones) still contribute
to some extent. At various ionic strengths, the different
processes would contribute to the formation of junction zones
to a different extent, which is observed both at the increase in G’
as well as the delay in gelling kinetics upon the addition of NaCl
to the CHOS-poly-MG gelling system.

The CHOS poly-MG hydrogel might be further stabilized
through a precipitation or local phase separation effect along
the junction zone. Although this effect remains speculative, the
increasing turbidity during the poly-MG chitosan hydrogel
formation as well as the gel strength with magnitudes of order
greater than for the equivalent poly-M gel supports this
hypothesis.

Alternatively, the increasing turbidity with increasing gelling
time could be attributed to a formations of higher order
(random) structures as seen with (e.g.) alginic acid gels
described through SAXS experiments.”® Also an additional
formation of hydrogen bonds within the poly-MG chitosan
junction zone has to be considered.**”®

5 Conclusion

Strong evidences have been obtained, supporting the previously
proposed gelling principle of poly-M alginate crosslinked with
chitosan oligomers due to a match in charge distance between
the two polyelectrolytes.®® CD spectroscopy revealed an
increased chiroptical activity for poly-M chitosan gelling
systems, indictive of induced conformational changes and
formation of higher ordered structures.*>*°

A unique chitosan oligomer poly-MG gelling system was
described using circular dichroism beside rheology and
computer simulations. Rheological measurement revealed gel
strengths magnitudes of order higher than displayed for its
poly-M analogue. Furthermore, a strong increase in gel strength
upon the addition of 50 and even 150 mM NaCl for the chitosan
and poly-MG gelling system was detected, suggesting a stabili-
zation of the junction zones through hydrophobic interactions
and/or a phase separation, which to our knowledge has not

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

been reported before. Those findings were supported by
molecular dynamics simulations, showing an increase in
interaction energies between chitosan and alginate upon the
addition of NaCl for poly-MG, while for poly-M and poly-G the
addition of NaCl decreased the interaction energies with chi-
tosan. CD measurements showed no systematic alignment or
induced conformational change within the poly-MG chitosan
system, which further implies a fundamentally different effect
supporting the chitosan poly-MG junction zones. The high gel
strengths, especially upon the addition of salt, as well as the
turbidity of the poly-MG chitosan gelling system are indictive of
a more complex formation of junction zones within these
hydrogels, than seen within comparable ionically crosslinked
alginate gelling systems.®®

The described CHOS poly-MG gelling systems are displaying
high gel strengths, are known to be fully biocompatible and
have revealed a high tolerance to a broad range of salt
concentrations present in various biological systems, which
might prove poly-MG chitosan gels highly relevant for
biomedical applications.
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