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Alginate is a natural polysaccharide that has been recently gaining increasing attention as a biomaterial in
the field of tissue engineering due to its favourable biocompatibility and gelation properties. Alginate
hydrogels are commonly made by ionic crosslinking in the presence of divalent cations. Only a few
studies have attempted to prepare alginate hydrogels without the presence of metal cations. Here the
formation of metal free alginate hydrogels in the presence of the amino-acid glutamine is investigated.
The transition from sol to gel is monitored by rheological measurements in the viscoelastic regime that
reveal how the charged or neutral form of glutamine induces deep differences in the gelling ability. In
particular, we show that the storage, G’, and loss, G”, moduli differ significantly by shifting the glutamine
zwitterionic equilibrium. Protonated amino acid could induce a shielding effect of the electrostatic
repulsion of the alginate chains. Stable gels are obtained in the presence of a larger amount of free
organic acid that gives rise to chain crosslink junctions and chain-chain stabilization. This opens up the
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1. Introduction

The field of regenerative tissue engineering is an interdisci-
plinary field that requires the interaction among a biomaterial
and living cells to develop, augment or replace any tissue, organ
or function of the body. The design of new biomaterials focuses
on the mimicking of many functions of the extracellular
matrices of body tissues, because the host responds to external
stimuli in a well-defined manner.”* Three-dimensional (3D)
scaffolds in particular play a crucial role in promoting and
guiding tissue regeneration.** Usually, they are biocompatible
and biodegradable and display a highly appropriately con-
nected pore structure with a large surface area. Naturally
derived materials (i.e. alginate gels) have recently gained
attention regarding their chemical properties and the geomet-
rical features owing to their inherent biocompatibility.*™**

The chemical nature and the structural feature of the binding
process of this copolymer have been widely investigated.">*

The most extensively studied crosslinking method is based
on metal-polysaccharide coordination.

Alginate gelling by ionic cross-linking using multivalent ions
has been known and exploited for several decades. In particular,
calcium chloride is one of the most frequently used agents for

“Nanotechnology Institute -National Research Council (CNR-NANOTEC), C/o Sapienza
University of Rome, Piazzale A. Moro 2, 00185 Rome, Italy. E-mail: ornella.ursini@cnr.
it

*Institute for Complex Systems, National Research Council (CNR-ISC), C/o Sapienza
University of Rome, Plazzale A. Moro 2, 00185 Rome, Italy
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d1ra06599h

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

possibility of preparing metal-free alginate hydrogels based on amino acid equilibria being pH sensitive.

ionic cross linking of alginate. Calcium ions (Ca®") induce a sol/
gel transition in mild gelling conditions.” Recently new prep-
aration approaches have been studied to improve the properties
of the ionic alginate hydrogels.**"

These gels have proven compatible with living cells and
tissues, and alginates have therefore gained high popularity as
an immobilization matrix in such systems.>*®*

Up to now, few works have reported on alginate hydrogels
prepared without the presence of metal cations. Perez-Madrigal
and co-workers investigated the effect of some common organic
solvents as agents to induce the gelation of alginate, observing
the following gel stability.*®

In particular, attention has been dedicated to understand
the role of dimethylsulfoxide (DMSO) and of some dicarboxylic
acids to act as crosslinking agent in the gelation process.

By computational simulations, the authors revealed a differ-
ence between the DMSO and oxalic acid in the coordination
geometry of the alginate cage, specifying the role of water in the
stability of these alginate gels.

In this paper we focus on the possibility to obtain alginate
hydrogels without using metal cations. Encouraged by the afore-
mentioned aspects underlining the influence of dicarboxylic
groups as crosslinking agents for the alginate gelation process, we
investigated the role of special amino acids as possible gelation
agents in order to obtain new metal-free alginate.*

In particular we aim to understand the effect of carboxylic
groups, namely the presence or not of a synergic effect, on the
alginate gelation process, induced by suitable amino acids. The
selected amino acids, glutamine and glutamic acid, were
chosen to have structural features which contain a single
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carboxylic group chain joined with a carbonylic group and two
carboxylic groups in the same molecule. Thus, we report the
behavior and the viscoelastic properties of the amino-acid
glutamine system. These structural features allow us to
discriminate the role of each single group and to understand
the occurrence of a possible joining effect.

This work can be of interest in shedding further insight on
the preparation and behaviour of metal free-alginate hydrogels.

2. Materials and methods

2.1. Preparation of alginate solution

1.96008 g of Na-alginate, weighted by an analytical balance, is
dissolved in 50 ml of pure deionized water obtaining the
experimental concentration of 3.9% w/v.

2.2. Preparation of formic acid (HCOOH) solution [1.0] M

377.2 pL of pure formic acid is dissolved in 10 ml of fresh
deionized water obtaining a solution [1.0] M.

2.3. Preparation of formic acid solutions

Three different solutions of pure HCOOH containing exactly the
same amount of formic acid present in the acidified glutamine
solutions were prepared. The details were described in the ESL.{

2.4. Preparation of aqueous glutamine solution [0.175] M

0.25586 g of pure glutamine was dissolved with deionized water
into 10 ml volumetric flask obtaining a solution [0.175] M. The
pH value, measured by pH-meter, is 6.8 (mean value of five
acquisitions).

2.5. Preparation of glutamine solutions acidified with
formic acid

We prepared three different solution of glutamine containing
suitable volumes of HCOOH in order to obtain different molar
ratios HCOOH/glutamine. The details were described in the ESL
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2.6. Preparation of alginate gels

The alginate gels were obtained as described in the ESIL.}

2.7. Characterization of gels: rheological measurement

Rheological measurements were performed on aqueous alginate
solution 4.0% w/w (control sample), on alginate-glutamine solu-
tion, alginate-formic acid solutions (0.5H", 1.0H", 2.0H") and on
alginate-glutamine-formic acid solutions (0.5H", 1.0H', 2.0H").
The viscoelastic properties were probed using a rotational
rheometer Anton Paar MCR102 with a cone-plate geometry.*>?
The plate diameter was of 49.97 mm, the cone angle of 2.006°
and the truncation of 212 pm. The latter value represents the
gap between the cone and plate within which the sample is
contained during measurements. The temperature was
controlled by a Peltier system on the bottom plate connected to
a water bath and kept constant at 7= (25.0 & 0.1) K. To prevent
sample evaporation the plates were covered with a rheometer
integrated hood system designed for this aim. To probe the
linear response, rheological measurements were carried out
within the linear viscoelastic region that is achieved at suffi-
ciently small values of the applied strain when the loss (G') and
storage (G”) moduli are not dependent on strain. Frequency
sweeps were performed in the range f = (10> to 10%) Hz.

3. Results

3.1. Measure of viscoelastic properties

To investigate the alginate gelation process induced by glutamine,
we measured the frequency dependence of the storage (G') and
loss (G") moduli for alginate aqueous solutions with and without
the organic crosslinker (Fig. 1). G’ and G” moduli display a power
low dependent frequency behavior over the probed frequency
range, with the loss modulus G” higher than the storage modulus
indicating that the system is in a liquid like state. The addition of
aqueous glutamine solution to alginate 4% w/v, led to a decrease of
the values of G’ and G” to almost one order of magnitude.
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Fig.1 Storage (G') and loss (G”) moduli of agueous alginate solution 4.0% w/w (1 ml) in contact with 1 ml glutamine 0.176 M, compared with the
alginate control sample (1 ml H,O added to 1 ml of alginate aqueous solution 4% w/v).
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Fig.2 Storage (G') and loss (G”) moduli of alginate control sample (1 ml of aqueous solution alginate 4.0% w/w mixed with 1 ml H,O) compared
with alginate—glutamine sample and alginate—glutamine—formic acid (0.5H") sample.

In order to understand the glutamine gelation properties
when the amino acid is present in a zwitterions or charged
form, we measured G’ and G” moduli of samples obtained by
adding the glutamine acidified solutions into the aqueous
alginate. The presence of formic acid determines an increase of
both moduli with respect to the case of alginate-glutamine
sample (Fig. 2).

To clarify the role played by formic acid in alginate gelation,
we measured G’ and G” moduli of alginate formic acid gels, at
the different concentration of formic acid (Fig. 3).

A significant change of the storage and loss moduli behav-
iour was observed.

The system passed from a liquid like status (G” > G') in
absence of formic acid to the situation in which the elastic
modulus G’ is always bigger (one order of magnitude) than the
storage modulus G”. This feature indicates the passage to

a solid like state for the sample containing the higher concen-
tration of formic acid (sample Alg + 2.0H" of Table 3 details in
ESI¥).

At intermediate molarities, a gradual transition is observed
with a dominance of liquid like or solid like nature of the
system depending on the frequency region.

To understand the gelation process induced by glutamine in
relation to the pH, we measured the viscoelastic properties of
the glutamine-alginate sample at different glutamine/formic
acid molar ratios (Fig. 4).

The acidified solutions of glutamine containing different
glutamine/formic acid molar ratios, seems to produce
a combined effect between the fluidization effect of glutamine
and the opposite effect due to the presence of formic acid. The
combined effect gave rise to the passage from a liquid to a solid
like state. The moduli of alginate acidified glutamine samples
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Fig. 3 Storage (G') and loss (G”) moduli of alginate control sample (1 ml of aqueous solution alginate 4.0% w/w mixed with 1 ml H,O) compared

with the samples HCOOH alginate gels.
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Fig. 4 Storage (G') and loss (G”) moduli of glutamine—alginate sample

(Fig. 4) were lower than the values observed for the alginate-
formic acid gels (Fig. 3). These results seem to suggest a fluid-
ization effect due to the presence of glutamine.

To clarify the fluidization effect, it is useful to compare the
storage and loss moduli for the samples [Alg + glutamine +
HCOOH 1.0H'] from Table 4 (details in ESIf) and the sample
[Alg + HCOOH 0.5H"] from Table 3 (details in ESIt) (Fig. 5).

It should be noted that both the G’ and G” curves become
completely overlapped for the two samples.

To clarify the effect of this overlapping, we applied the
Henderson-Hasselbach (HH) equation, which describes the
relation between the pH and the concentration of the amino
acid using its pK,. To this aim, we take into account that:

and glutamine acidified solutions alginate gels.

e In the sample denoted as [Alg + glutamine + HCOOH 1.0H"]
the moles of formic acid in contact with alginate solution are
1.780 x 10~

e In the sample denoted as Alg + HCOOH 0.5H", the moles of
formic acid are 8.830 x 10"

Moreover, the glutamine pkK, value is = 2.1.

At a pH value = pK,, the concentration of [H;N'-X- COO™ ] is
equal to [H;N'-X- COOH].

This means that the COOH groups of amino acid molecules
present in dissociated/protonated form, are in the ratio half/
half. Following the HH model, half moles of formic acid are
used to give protonation of amino acid, shielding the negative
charge of glutamine. Thus, the remaining amount of HCOOH is
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Fig.5 Storage (G) and loss (G”) moduli of sample containing alginate 4% w/v + 8.83 x 10> mol of HCOOH (sample code: Alg + 0.5H" of Table
3%) and the sample containing alginate + 1.786 x 10~ mol of glutamine + 1.780 x 10~* mol of formic acid (sample code: Alg + Glu-1.0H" of

Table 47).
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free to interact directly with alginate chains, producing the
gelling effect.

Simple calculations, in the sample containing alginate +
glutamine (1.786 x 10~* mol) + HCOOH (1.780 x 10~ * mol),
showed that the mole number of formic acid that remains free
after the protonation of glutamine, is 8.87 x 10> mol.

This value is comparable with the mole number used in the
{HCOOH - alginate} gels, where the formic acid moles are 8.83 x
107°.

To reinforce our theory, we compared the trend curve of the
storage (G') and loss (G”) moduli for the samples [Alg + gluta-
mine + HCOOH 2.0H'] to the [Alg + HCOOH 1.0H'] (Fig. 6)

In the sample Alg + Glu-2.0H" containing alginate + gluta-
mine + HCOOH, the mole number of formic acid that remains
free after the protonation of the glutamine is 2.58 x 10*, in
fact as glutamine starting moles are 1.721 x 10~ * mol and the
formic acid starting moles are 3.44 x 10~ * mol, following the HH
model, the half amount of glutamine is protonated. Thus, HCOOH
free = (3.44 x 107" — 0.86 x 10™*) was 2.58 x 10~* mol.

This denotes that the amount of formic acid (2.58 x 10~* mol)
available is free to interact directly with alginate chains, producing
the gelling effect. It is about twice the amount of formic acid
contained in the sample Alg + HCOOH 1.0H" (1.72 x 10™%).

The higher availability of [H'] pushes up the gelling process,
and G becomes larger than G” for the whole range of
frequencies corresponding to the formation of a gel-like system.

4. Discussion

Alginate is commonly available as sodium salt. Dissolving
sodium alginate in water, one obtains an aqueous solution
where the constitutive alginate units, (mannuronic and gulur-
onic units) present their carboxylic groups in anionic form, as
carboxylate negative ions. The behavior of alginate in aqueous
solution depends on the pH of the medium.

Our rheological measurements of alginate gels obtained by
addition of formic acid in three different molar concentrations,
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described in Fig. 3, are in good agreement with the literature
data, using different acid molecules.**

In particular, dynamic rheological measurements performed
on alginate gel obtained by adding HCI have been previously
described.>

The authors showed that the storage and loss moduli
changed with free [H'] in solution. In particular, at the starting
pH =6 they found G'(w) < G"(w) (sol behaviour) in the whole
frequency range while at pH = 3.05, G'(w) = G” (w) for the whole
frequency range. As the pH continues to decrease, G’ becomes
larger than G” for the whole frequency range corresponding to
the formation of a gel-like system.

In our work, we observe that the system passes to a solid like state
for the highest concentrations of formic acid while at intermediate
molarities, it undergoes a gradual transition with a dominance of
liquid or solid like nature depending on the frequency region.

It is renowned that the alginate may undergo a sol/gel tran-
sition upon lowering the pH below the pK, value of the uronic
acid residues forming alginic acid gels, although to the best of
our knowledge, there is no any specific study using HCOOH as
a gelling molecule.”**

The study of the mechanism of alginic acid gel formation
under acidic conditions reveals that the mannuronic acid
blocks (M-blocks) support the formation of alginic acid gels.?®

In the alginic acid gels, the guluronic acid blocks (G-blocks)
along with the M-blocks support gel formation. In the alginate
acidic gels both the M-blocks and G-blocks of alginate creates
stable junctions and the gels. The acid gels are more of an
equilibrium nature compared to ionic gels.*

The formation of the stable gel at higher concentrations of
HCOOH is due to the shielding effect of the electrostatic
repulsions between the carboxylic groups present in the algi-
nate. Increasing the concentration of hydrogen ions, some
dissociated carboxylic groups in alginate chains are gradually
protonated. The hydrogen bonds involving -COOH and -OH
groups give rise to chain crosslinking junctions and a stabili-
zation occurs through the chain-chain interactions.
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Fig.6 Storage (G) and loss (G”) moduli of sample contained alginate 4% w/v + 1.720 x 10~* mol of HCOOH (sample code: Alg + 1.0H" of Table
3%) and the sample contained alginate + 1.721 x 10~* mol of glutamine + 3.44 x 10~* mol of formic acid (sample code: Alg + Glu-2.0H *of Table

41).
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In the case of aqueous solution of sodium alginate, it pres-
ents a random coil conformation due to negative charges of
carboxylate groups present along the alginate chains.*

With the progressive pH decrease, the hydrophobic
segments of the alginate chains increase and the hydrophilic
segments decrease, resulting in the substantial decrease in the
size of the alginate assemblies.

A singular behaviour was observed for the sample made up
with alginate and glutamine solution 0.175 M when comparing
G’ and G” with the alginate control sample since we observed
a decrease of the moduli almost of one order of magnitude. This
unexpected behaviour of the sample containing glutamine is
related to the chemical feature of this amino acid that in solid
state, presents a zwitterion form, i.e., as dipolar ion and the net
charge of zwitterions is zero (Fig. 7).

When the amino acid is dissolved in water, its structure
depends on the pH.

At pH = 5.65 (isoelectric value) glutamine is present as
zwitterion with a net charge equal to zero.

If the pH value is higher than the isoelectric value (pH > 5.65),
glutamine is present as an anion, with a net negative charge. This
negative charge further increases the repulsive interactions due to
the carboxylate groups of the alginate chains.

To understand if in our system the repulsive interactions
between glutamine and alginate chains are present or not, we
measured the pH of freshly prepared mixtures of alginate 4% w/
v plus glutamine 0.175 M, resulting in a pH = 6-7. At this pH
value, glutamine probably reveals a net negative charge that
leads to a fluidization effect due to the lack of shielding effect of
the electrostatic repulsion between carboxylate groups of the
alginate chains.

To verify this hypothesis and to understand better the visco-
elastic properties, we prepared acidified glutamine solutions.

Adding different concentrations of HCOOH to the glutamine
solutions, the equilibrium

H3;N* -R-COO™ + H;0" = H3N*" -R-COOH + H,0

is gradually moved to the right, producing glutamine with a net
positive charge.

The overlapping effect of G’ and G’ observed in Fig. 5
confirmed that the addition of formic acid to the glutamine
solution shifts the equilibrium reaction to the right, forming
the positive charged amino acid.

The amino acid, as a positive charge molecule, shields the
repulsive interactions existing between the alginate chains.

We could postulate that the overlapping effect of G’ and G” is
a macroscopic behavior resulting from the combination of two
molecular processes:

H,N 0
NH;'

Fig. 7 Glutamine zwitterionic structure.
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(a) The protonation reaction of the amino acid carboxyl
group with the formation of positively charged molecules. The
positive charge of amino acid molecule shields the repulsive
interactions of the alginate chains;

(b) The direct protonation reaction of the alginate carboxyl
groups.

The pristine electrostatic repulsions are screened allowing
the stabilization of chain-chain interactions by a hydrogen
bond network.

The slope of G’ and G” moduli observed in the Fig. 6 rein-
forces our hypothesis.

In fact, the comparison between these curves highlights the
fact that formic acid acts as a protonation agent both for the
glutamine and for the carboxylic groups of the alginate. Alginate
is present in the aqueous solution as a negatively charged
polymer generating an electrostatic repulsion between the polymer
chains. When alginate is exposed to the acidic glutamine solution,
and therefore to the protonated glutamine, the electrostatic
repulsion between its chains is shielded by the positive charge of
the positively charged amino acid. In addition to the protonation
reaction of the amino acid, if formic acid is present in excess
respect to the moles of the amino acid, it is free to interact directly
with alginate chains, producing the gelling effect.

5. Conclusions

In the metal free alginate gelation, numerous factors need to be
considered in order to understand the deep molecular interac-
tions between the polysaccharide chains and the organic
molecules.

In our study, we investigated the possibility to use a special
amino acid, glutamine, as organic molecule to induce the
gelation process of alginate. We performed dynamic rheological
measurement of the alginate-glutamine samples that reveal the
important role of the zwitterionic form of the amino acid
molecule. In aqueous medium the possibility to shift the zwit-
terionic equilibrium versus charged species is dominant. The
addition of organic acid to the glutamine solution allows to
distinguish the double role of proton free concentration. We
investigated different ratios of concentration glutamine/formic acid
as gelling systems. These investigations allowed us to empathize that
the protonated amino acid induces a shielding effect to the alginate
chains. The gels are also stabilized by a hydrogen bond network. The
need to shift the glutamine zwitterionic equilibrium requires acidic
conditions which may give rise to cytotoxic conditions. These results
will allow us to understand the presence or not of a synergic effect
when in the same molecules are simultaneously present two of
carboxylic groups. This will set the basis to investigate the acid glu-
tamic molecule and his gelling ability, shifting the zwitterionic
equilibrium in different acid/base conditions. Finally our findings
open the way to the design of new biomaterials using biocompatible
alginate gels prepared without the presence of metal cations.
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