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Here we describe the design of thermosensitive biopolymer-
based hydrogels with adjustable gel properties. It is
demonstrated that formulations comprising predetermined
contents of hydrophobically modified chitosan biopolymer
with n-dodecyl groups (HC) undergo a quick fine-tunable
gelation in the presence of B-glycerophosphate disodium salt
(GP) triggered by increasing temperature. In-depth
rheological characterizations revealed with increasing HC
content in solutions, the gel point shifts to lower temperatures
as, more compact networks with considerably improved gel
strength are formed. The evolution of hydrogels was also
investigated by small angle light scattering (SALS) technique.
It was realized that the incorporation of HC chains induce a
gel to be accomplished through formation of smaller but
more homogenous microdomains with the aid of pendant
hydrophobic moieties in the lower temperature range.
Moreover, time sweep rheological characterization of the
thermogelling systems disclosed that the gelation process
proceeds faster in the presence of HC chains. The
Fredrickson-Larson (F-L) theory was implemented as an
alternative approach to determine the gel point. In view of the
obtained well consistent results with the classical Winter-
Chambon theory, the F-L theory can be proposed as a robust
and less tedious method to precisely determine the gel point in
such systems. The developed hydrogels can be proposed as
promising injectable matrices with predetermined gel
features for various biomedical applications.

1. Introduction

Hydrogels represent an appealing class of materials
biomaterials research community.! In view of biophysical
similarities to soft tissues, inherent biological adaptability,
potential responsiveness to environmental changes and ability to
encapsulate specific functionalities, hydrogels have emerged as
perfect biomimetic three-dimensional matrices for widespread
life science applications, including regenerative medicine and
drug delivery systems.*

Stimuli responsive hydrogels are becoming increasingly
important in the development of intelligent carriers.*” Injectable
hydrogels that can be formed in response to a certain stimulus
(e.g., temperature) offer interesting opportunities like delivery of
bioactive and therapeutic agents in a minimally invasive manner.’
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In situ thermogelling hydrogels undergo sol-gel phase transition
above the lower critical solution temperature (LCST), which is
typically predetermined to be around the body temperature. These
systems present promising features like the lack of organic
solvents, cross-linkers, and elimination of adverse thermal
alterations on surrounding tissues.” '

Among different proposed macromolecules in the processing of
hydrogel matrices, naturally derived polymers have become the
focus of attention as promising candidates.'"'? Biodegradability,
biocompatibility, chemical versatility, similarity with the
extracellular matrix, and intrinsic cellular interaction are
considered as their peculiar bio-characteristics for biomedical
applications. Naturally derived polymers like polysaccharides
may also avoid the stimulation of chronic inflammation or
immunological reactions and toxicity.”'> Chitosan, as the
deacetylated and cationic derivative of chitin, has invoked an
increasing interest owing to its desirable properties including
structural similarity to naturally occurring glycosaminolglycans,
biofunctionality and non-antigenicity.'"'® In addition, amino and
hydroxyl groups on chitosan backbone provide chemical
modification versatility.'*?° It has been shown that neutralization
of acidic chitosan formulations with glycerol phosphate disodium
salt (GP) results in its thermogelation at physiological pH
range.”"*> The most important interactions responsible for this
thermally induced sol-gel transition are the hydrophobic
interactions among chitosan chains, enhanced by the structuring
action of glycerol on water molecules.”

Before hydrogelation, cells or bioactive agents can be
incorporated into the polymer solutions to provide practical tissue
engineering or pharmaceutical applications. As the features of
hydrogels play substantial role in biomedical applications such as
extracellular microenvironments,”** our objective is to
investigate the effect of substituted hydrophobic moieties (i.e., n-
dodecyl groups) onto chitosan chains on gel properties of their
mixtures with GP. It should be noted that in spite of developed
various chitosan/GP thermogelling systems, design of hydrogels
with adjustable gel characteristics through modulation of
hydrophobic interactions at constant content of salt has not been
reported so far. In this work, we intend in a controlled way to
tune the gel characteristics including sol-gel transition behavior
and gel strength through predetermined incorporation of
hydrophobically modified chitosan chains into the developed
thermoresponsive blend formulations.
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2. Experimental section

2.1. Materials and preparation of solutions

Chitosan (deacetylation degree of 84% and a weight-average
molecular weight of ~ 4x10°) was acquired from Pronova
Biopolymers. Glycerol 2-phosphate disodium salt hydrate was
supplied by Merck. The chemical modification of chitosan was
carried out through the reaction of amino groups with a Cj,-
aldehyde. The substitution of C,, aliphatic hydrophobic groups
on chitosan was confirmed by "H NMR spectroscopy (Bruker 400
MHz). The details of the characterization methods and
modification procedure have been described before.”®?’ The
substitution degree of the hydrophobically modified chitosan was
determined by ninhydrin method.”®* Briefly described, polymer
was dissolved in aqueous acetic acid solution, followed by adding
0.5 mL of 4 M acetic acid/acetate buffer (pH= 5.5) into 0.5 mL of
solution. Then, 1 mL of ninhydrin reagent (Sigma-Aldrich) was
added and test tube was incubated in a boiling water bath for 20
min. The solution was subsequently cooled to room temperature
and the absorbance was measured at 570 nm (Shimadzu UVmini-
1240 UV-Vis spectrophotometer). The unmodified chitosan was
used as the control sample and the acetic acid/acetate buffer
solution was used as the blank. Accordingly, hydrophobic
substitution degree for the sample denoted as HC was determined
to be 2.3%.

To prepare unmodified chitosan/B-glycerophosphate disodium
salt (UC/GP) solution as well as the blend formulations
comprising hydrophobically modified analogue (UC-HC/GP),
UC was first dissolved and mixed with various amounts of HC
solutions. The prepared solutions were then chilled to 4 °C, and
subsequently cold GP solution in water was added drop-wise
under magnetic stirring to adjust the pH of the polymeric
solutions to the physiological range. All formulations were
comprising constant total content of polymer (2wt%) and GP
(0.78 M) concentration, but different HC loading (0, 0.5, and 1
wt%). Accordingly, the samples were assigned as UC,.,-HC,/GP,
where x is the weight percentage of the HC in the blend
formulations. It should be mentioned that to retain the
injectability of the solutions, the content of the HC was not
exceeded 1 wt%.

2.2. Rheological measurements

Oscillatory shear experiments were performed in an Anton Paar-
Physica MCR 301 rheometer using a cone-and-plate geometry,
with a diameter of 75 mm and a cone angle of 1°. The measuring
apparatus is equipped with a temperature unit (Peltier plate),
which provides an effective temperature control (£0.05 °C) for an
extended time over the studied temperature range. The free
surface of solutions was covered with a thin layer of low-
viscosity silicone oil to prevent the dehydration of the samples.
However, the viscosity value is practically not affected by the oil
layer. All measurements were performed at a heating rate of 1
K/min. Strain amplitude of 3% was applied to minimize the
perturbation of the network during the gel evolution process.
Before the rheological measurements, the strain amplitude was
checked to ensure the measurements are conducted within the
linear viscoelastic regime and the dynamic storage modulus (G’)
and loss modulus (G”) to be independent of the strain amplitude.
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2.3. Turbidimetry

Turbidity experiments were carried out by means of an NK60-
CPA cloud point analyzer from Phase Technology, Richmond,
BC, Canada. The details of this equipment have been described
elsewhere.”® This operation of the device is based on a scanning
diffusive technique to characterize phase changes of the sample
with high accuracy and sensitivity. The light beam from an
AlGaAs light source, operating at 654 nm, is focused on the
measuring sample applied onto a glass plate coated with a thin
metallic layer of very high reflectivity. Directly above the
sample, an optical system with a light-scattering detector
continuously monitors the scattered intensity signal (S) of the
sample as it is subjected to prescribed temperature alterations.
The relation between the signal and the turbidity (z) is given by
the empirical Eq., 7(cm™) = 9x10°5*7"' ** The heating rate was
set to 1°C min™' in the turbidity measurements.

2.4. Small angle light scattering (SALS)

SALS measurements were performed using a CCD camera
(driver LuCam V. 3.8), placed in a parallel position to the screen,
and captured two-dimensional images from the scattering patterns
of the samples. Time exposure for the acquisition of images was
200 ms. Samples were incubated between a specially designed
plate-plate glass system. Plate diameter was 43 mm and the gap
between the plates was 0.25 mm. Temperature was gradually
changed from 10 to 45 °C. A detailed description of this
technique has been provided in an earlier publication.®'

3. Results and discussion

3.1. Analysis of rheological data and investigation of gel
properties

To gain insights into the influence of incorporated
hydrophobically modified chitosan chains on the resultant gel
characteristics, rheological behavior of the systems in the course
of gelation beyond the gel point was scrutinized. The gelation
temperature of the prepared formulations was determined by
frequency-independent value of the loss tangent (tan o= G”/G’)
obtained from a multi-frequency plot versus temperature (Fig.
1).*> A common feature observed in Fig. 1 for all thermogelling
solutions is that the damping factor is frequency dependent and
decreases during the gel formation, indicating gradually enhanced
elasticity of the studied systems with increasing temperature.

OH OH
HO.
NG S0 = 0 /\L, \/K 0
@f“mc oo * & o
Chitosan Hydrophobically HO: ~t o N p-Glycerophosphate 0~ —0
Chains Modified Chitosan L HNQ ™ . Groups disodium & nat

Scheme 1 Illustration of molecular interactions involved in
gelation of chitosan (UC)-hydrophobically modified chitosan
(HC)/ B-Glycerophosphate (GP) thermoresponsive formulations.
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An alternative method was also employed to determine the gel
point®>** which is based on crossover of the apparent viscoelastic
exponents 7’ and n” (G~ ©"; G~ ®") calculated from the
frequency dependence of G’ and G” at different temperatures (see
the inset graphs in Fig. 1a-c). Both methods resulted in the same
gelation temperatures of 37, 34 and 32°C for UC2.0-HCO0.0/GP,
UC1.5-HCO0.5/GP, and UC1.0-HC1.0/GP solutions, respectively.
As seen, the higher content of HC chains in the formulations, the
lower incipient gelation temperature, implying the effective
contribution of HC chain in the developing gel networks. As a
matter of fact, addition of GP into chitosan solutions modulates
molecular forces including hydrogen bonds, electrostatic and
hydrophobic involved in the consequent
thermogelation process. In view of this and considering water-
structuring character of GP molecules’*  hydrophobic
interactions are enhanced with increasing temperature; hence, in
the presence of HC chains, sol-gel transition has been facilitated
and expedited through strengthened hydrophobic attractions in a
controllable manner. The molecular interactions involved in
gelation of the chitosan- hydrophobically modified chitosan/ B-
Glycerophosphate blend thermoresponsive formulations are
displayed in Scheme 1.

It is worth to notice that, though the gelation temperature of the
chitosan/GP solutions can be altered with GP content, but here
we presented a new approach to govern gelation of such systems
without increasing GP to maintain their biocompatibility.

As described above, the values of relaxation exponent are
determined from a log—log plot and scaling relation of storage
and loss modulus at the gel point (G (w) x G” (w) x »") (c.f.
Fig. 2a-c). The evolution of the loss and storage modulus for
UC2.0-HCO0.0/GP and UCI1.0-HC1.0/GP solutions during the
heating cycle has been displayed in Fig. 3. As seen, for both
systems the gelation proceeds through three main regimes: (i) an
inductive behavior at low temperatures, (ii) a rapid gelation in the
vicinity of the gel point, wherein a steep increase in the moduli is
observed, (iif) and a slow gelation process at higher temperatures.
At lower temperatures, the UC1.0-HC1.0/GP system shows
higher elasticity highlighting the increased hydrophobic
intermolecular interactions. It is also worth noting that tan ¢ of
the blend systems is less than 1 at all stages of gelation, which
again indicates the effective contribution of incorporated
conjugated hydrophobic groups on interactions among chitosan
chains (Fig. 1b-c).

Nonetheless, considering the shear thinning behavior of such
systems,”’ diffusion of the hydrogel precursors into the
surrounding tissues is favorably eliminated for biomedical
applications.
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Fig. 1 Illustration of methods for the determination of the gel
point: viscoelastic loss tangent as a function of temperature at the
indicated frequencies for (a) UC2.0-HCO0.0/GP, (b) UCI1.5-

ss HC0.5/GP, (c¢) UC1.0-HC1.0/GP. The inset plot shows changes

of apparent exponents (n’ for storage and n” for loss moduli) at
various temperatures.
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Fig. 2 The power law behavior of the dynamic moduli for 2 wt %
incipient gels of (a) UC2.0-HC0.0/GP at 37°C, (b) UCI1.5-
HCO0.5/GP at 34°C, and (c) UC1.0-HC1.0/GP at 32°C.
5
It has been shown that water molecules around chitosan chains
are removed upon heating, and a heat induced transfer of protons
to glycerophosphate groups from protonated amino groups
occurs; thus, hydrophobic contacts among chitosan chains are
10 enhanced.®® Actually, the formation of such hydrophobic
interactions is accompanied by G’ and G” crossover in the case
of UC2.0-HCO0.0/GP, which here occurred at 33 °C (Fig. 3).
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Fig. 3 The evolution of storage (G’) and loss (G ) modulus of
15 UC2.0-HCO0.0/GP sample during heating from 10 to 60 °C. Inset
shows the corresponding graph for UC1.0-HC1.0/GP sample.

Although in some studies the G’ and G” crossover has been
considered to determine the gel point,*® but this definition is not

20 commonly a reliable criterion for determination of the gel point
32 In fact, theoretical calculations have shown that the G' = G"
criterion define the gelation conditions only for a particular
relaxation behavior (n=1/2).” Accordingly, G’ and G” crossover
point for UC2.0-HCO0.0/GP in Fig. 3, which is not observed for

25 UC1.0-HC1.0/GP, can be attributed to the formation of
hydrophobic domains as the first stage of gelation.

Gel strength of the designed formulations was calculated based
on the Winter-Chambon theory.*> The gel strength parameter was
determined according to Eq. (1) for the incipient gels:

“ G’:R:Smnf(l-n)cosé (D

where, G’, G”, J, w, n, S, and I(1-n) are the storage modulus,
loss modulus, phase angle between stress and strain, angular
frequency, relaxation exponent, gel strength parameter, and
Legendre gamma function, respectively. As seen in Fig. 4, the gel
35 strength is remarkably increased with increasing HC content,
implying the enhanced hydrophobic associations in the presence
of HC chains. As indicated, gel strength parameter has been
calculated at the incipient gel temperature. In view of this, despite
increasing storage modulus at elevated temperatures while
40 reduced gel point with increasing HC content (inset in Fig. 4),
still higher gel strength was obtained for the blend formulations
with higher hydrophobicity.
Muthukumar elaborated a theoretical approach,® based on the
assumption that strand length variations between crosslinks in the
incipient gel network give rise to changes of the excluded volume
interactions, to rationalize values of the relaxation exponent in the
whole physically accessible range (0 < n < 1). In this model, a
relationship between the fractal morphology of the incipient gel
network and n was expressed through Eq. (2):
N n:d(d+2'2df) @
2(d+2-dy)
where, d (d = 3) is the spatial dimension and d; is the fractal
dimension, which relates the mass of a molecular cluster to its
radius of gyration by RY ~M. Larger values of dy suggest a more
compact network structure. As shown in Fig. 4, the fact that d,
assumes higher values as the fraction of hydrophobic chitosan
chains increases, suggests that a more compact gel-structure
evolves. This trend suggests that the critical gel structure
becomes more “tight” as the molecular interactions increases; this
is related to the effect of hydrophobic groups on the temperature
induced association behavior of the chitosan chains that affect the
gel structure at the gel point. In this case, more chains are
interconnected through hydrophobic interactions. The inset plot
shows that as the content of hydrophobically modified chains in
the formulation increases, the gel temperature drops. This is
ascribed to the enhanced hydrophobicity as the fraction of
hydrophobically modified chains rises in the formulation, and
thereby establishes the connectivity in the network at a lower
temperature.
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Fig. 4 The gel strength parameter (see Eq. (3)) and the fractal
dimension (see Eq. (4)) are shown for the indicated incipient
gelling systems. The inset plot shows changes of the gel
temperature as the content of hydrophobically modified chitosan

s chains in the formulation is changed.

As mentioned above, an incipient gel is not a fully developed
network and at this point, macromolecules involved in gel
network coexists with and are swelled by the free molecules of
10 finite structures (sol).  Accordingly, formation of spatially
bicontinuous percolated networks is considered as the decisive
point for gelation. Since the gelation process can be
phenomenologically considered as analogous to a phase
separation process, some of the present authors have recently
15 implemented the Frederickson-Larson (F-L) theory to study sol-
gel transitions of thermosensitive chitosan/GP systems; the
percolation structuring temperature was determined.*® Near the
phase separation temperature of polymer blends or the order-
disorder transition in block copolymers, anomalous viscoelastic
20 behavior is observed. Fredrickrson and Larson developed a mean-
field theory to derive the contribution to the shear stress caused
by critical fluctuations near the order-disorder transition.*” They
have demonstrated that extra stress induced by critical
fluctuations can be calculated from the total free energy
25 differential change and after integration over the whole wave
vector space, Eqs. (3) and (4) for the dynamic storage and loss
modulus, respectively, can be expressed as:
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GZBzIk6 20() [ Og)]zdk 3)
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k 2 -1
G ZeyToke o SiEm) 08 () W
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where, (k) =k’Sy'(AK), andSy(k),(k)and k are the

static structure factor, the Onsager coefficient, and the wave

30 vector, respectively. If we use the static structure factor
developed by Leibler,*' Egs. (5) and (6) will be derived for the
storage and loss modulus, respectively:
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transition temperature. Fig. 5 displays the determination of the
gel point based on F-L theory. The results show that the gel
temperatures determined in the framework of this approach for
the UC/GP and UC-HC/GP blend systems are in good agreement
with those obtained from the Winter-Chambon theory. The
consistency in the determination of the gel-points for these
complex systems by using two approaches of different origin
reveals that the procedures are robust and they work also for
systems with more intricate mechanisms of sol-gel transitions. In
view of this, the F-L theory can be proposed as a less tedious
method (which has been implemented here based on temperature
sweep viscoelastic properties at just one angular frequency) to
precisely determine the gel point of the studied thermogelling
systems.

In this context it is instructive to recall that the kinship between
macroscopic phase separation and gelation is not a new finding,
but it has been recognized in a number of studies***® on
thermoreversible gels. It has been argued that thermoreversible
gelation and phase separation are phenomena that are closely
correlated to each other. In view of this, we can speculate that as
the amount of HC-chains in the solution increases the phase
separation with be shifted to lower temperatures and as a
consequence the gel temperature should show the same tendency.
It has been reported*® from a rheological study on
thermoreversible gelling aqueous systems of
ethyl(hydroxyethyl)cellulose that phase separation and gelation
follow each other and that the gel temperature is lower than the
corresponding cloud point temperature. It was argued® from a
Monte Carlo simulation model that due to the coexistence of
phase separation and gelation, the cross-linking may arrest the
phase-separation process.

3.2. Analysis of turbidity and SALS results

Turbidity measurements were carried out to characterize
mesoscopic structural changes of the species developed during
sol-gel transition. As can be seen in Fig. 6a-b, it is obvious that
the scattered intensity increases with increasing temperature. The
overall turbidity changes are reminiscent of the heat-induced
evolution of storage modulus, which substantiate similar stages of
the gelation process as discussed above. A salient feature in Fig.
6 is the strong upturn of the turbidity in the vicinity of the gel
temperatures, indicating the formation of large-scale associations
in the systems. At lower temperatures (i.e., the first stage of
gelation), the turbidity remains almost constant in the case of
UC2.0-HCO0.0/GP, whereas a gradual increase is observed for

This journal is © The Royal Society of Chemistry 2014
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UC2.0-HCO0.0/GP. The reason for this is that the growth of the
hydrophobic microdomains commences at lower temperatures in
the presence of HC chains; this leads to a lower gel-temperature.
In the third region, the observed turbidity trend can be associated
s with the tendency of the system to minimize its interfacial area
among microdomains,” and the late stage gel-stiffening in the

systems.
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Fig. 5 Determination of the gelation temperature based on
Fredrickson-Larson theory for UCI1.5-HC0.5/GP, and UC1.0-
10 HC1.0/GP samples in comparison with UC2.0-HCO0.0/GP system
shown in the inset.

To gain insight into possible temperature-induced morphological
alterations of the gel networks on global dimensional scales,
1s small angle light scattering measurements in the quiescent state
were conducted and monitored during the heating course. Typical
SALS patterns for the UC2.0-HC0.0/GP and UC1.0-HC1.0/GP
systems are depicted in Fig. 6a-b at the indicated temperatures.
The obtained patterns support the surmise that large associative
20 domains are formed. As seen, the 2D scattered intensity profiles
become stronger with increasing temperature, which corroborates
the evolution of the multi-chain complexes.” Weak intensity
patterns are observed at temperatures lower than the gel point (25
and 32°C for UC2.0-HCO0.0/GP, and 25°C for UC1.0-HC1.0/GP),
»s but augmented intensity patterns are found at elevated
temperatures. Patterns of the UC2.0-HCO0.0/GP system in the
higher temperature range exhibit anisotropic scattered intensity
profiles with elliptical scattering patterns. However, in the case of
UC1.0-HC1.0/GP, the scattered intensity profiles illustrate more
isotropic  pattern. This indicates that lower amplitude
concentration fluctuations are developed in the presence of HC
chains. In other words, the SALS patterns reveal how the
structure of the associative complexes can be modulated by
contribution of the HC chains. It should be noticed that the
35 obtained scattering patterns are consistent with the above
discussed results on the fractal dimension, as well as the strength
of the studied thermogelling systems (cf. Fig. 4).

w
=3

UC2.0-HCO0.0

20 30 35
Temperature (°C)

l
37°C S

T
40 45

UC1.0-HC1.0

)

0.1

Turbidity (cm

0.01

20 25 30 35
Temperature (°C)
40 Fig. 6 The evolution of the gel networks studied by turbidimetry
method during heating from 10 to 45 °C for UC2.0-HCO0.0/GP
compared to UC1.0-HC1.0/GP. Inset images display SALS 2D

patterns at the indicated temperatures.

40 45

45 3.3. Gelation time measurements
The gel time is considered as one of the most important features
for in situ gel-forming systems. To determine the gelation time of
the formulations, time-sweep rheological measurements were
performed. Time evolution of the storage and loss modulus at 37

s0 °C for UC2.0-HCO0.0/GP and UC1.0-HC1.0/GP systems are
depicted in Fig. 7a. In the case of UC1.0-HC1.0/GP, G’ starts to
increase at 60 s and this is sooner compared to the UC2.0-
HCO0.0/GP formulation. It can be argued that the aggregation and
percolation of the hydrophobic domains have been expedited in

ss the presence of HC chains, which is consistent with the lower
percolation temperature obtained from the temperature sweep
rheological results. The observed changes in the time evolution of
the storage modulus can be interpreted in accordance with the
proposed gelation mechanism.

¢ Turbidity behavior of the gelling systems over time was also
studied at 37 °C. As is evident from Fig. 7, the turbidity changes
of both systems (UC2.0-HC0.0/GP and UCI1.0-HC1.0/GP) are
similar, and the turbidity exhibits three stages, which are
reminiscent of the corresponding three gelling stages of the

os systems. However, the initial stage in the presence of HC chains
shows a continuous increase, indicating the effective role of the
hydrophobic moieties on the formation of the multi-chain
domains (cf. the inset of Fig. 7b). The features observed here,
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again emphasize the interference between incipient phase
separation and gelation.*®
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Fig. 7 (a) Time dependency of storage (G’) and loss (G”)
s modulus at 37 °C for UC2.0-HC0.0/GP in comparison with
UC1.0-HC1.0/GP system displayed in the inset. (b) Turbidity
changes with time at constant temperature of 37 °C for UC2.0-
HCO0.0/GP compared to UC1.0-HC1.0/GP system displayed in the
inset.

4. Conclusions
In summary, we presented novel in situ gel-forming biopolymer
formulations containing B-glycerophosphate disodium salt with
15 tunable gel characteristics. It was demonstrated that incorporation
of hydrophobically modified chitosan chains (N-dodecyl
chitosan, HC) not only makes the gel point to be shifted to lower
temperatures, but also significantly improves the gel strength. In-
depth, this rheological investigation showed that the HC chains
2 facilitate heat induced hydrophobic associations followed by
percolation of hydrophobic domains and the development of
physical gel networks with higher fractal dimensions than the
corresponding networks without added HC-chains. The
Fredrickson-Larson theory was proposed as an alternative robust
»sand less tedious method (compared to the classic Winter-
Chambon theory) to accurately determine the gel point of the
studied thermogelling systems. The morphological alterations of
the temperature-induced gels by SALS measurements disclosed

that a lower amplitude of the concentration fluctuations
30 developed in the presence of HC chains. Time-sweep rheological

experiments, as well as turbidity measurements demonstrated that

formulations comprising of HC chains undergo faster sol-gel

transition. The present findings suggest that the developed

chitosan-based hydrogels may serve as promising fine-tunable
35 matrices for various biomedical applications.
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