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Abstract: The presented work describes the method of preparation of thermosensitive chitosan
hydrogels using calcium β-glycerophosphate salt as the only pH neutralizing agent and supporting
the crosslinking process. The presence of calcium ions instead of sodium ions is particularly important
in the case of scaffolds in bone tissue engineering. Rheological and physicochemical properties of low
concentrated chitosan solutions with the addition of calcium β-glycerophosphate were investigated
using rotational rheometry techniques, Zeta potential (by electrophoresis), XPS, and SEM analysis
together with an EDS detector. It was found to be possible to prepare colloidal solutions of chitosan
containing only calcium β-glycerophosphate (without sodium ions) undergoing a sol-gel phase
transition at the physiological temperature of the human body. It has also been shown that it is possible
to further enrich the obtained cellular scaffolds with calcium ions. Using the addition of calcium
carbonate, hydrogels with a physiological ratio of calcium to phosphorus (1.6–1.8):1 were obtained.

Keywords: sol-gel phase transitions; injectable scaffolds; chitosan; calcium β-glycerophosphate;
rheology; bone tissue engineering

1. Introduction

The development of tissue engineering is associated with the search for new therapies for
both chronic and urgent diseases. The possibility of supporting pharmacological treatment or
reconstruction of damaged tissues can be facilitated by highly porous, three-dimensional structures
called scaffolds [1]. Materials used for the production of scaffolds are mostly natural or synthetic
polysaccharides, bioceramics and their composites [2]. Among natural polysaccharides, chitosan is still
growing in popularity. It is not without reason that it is called the 21st century polymer for biomedical
applications [3–6]. Its widely known antibacterial, antifungal and antiviral properties make it a very
good biomaterial for medical purposes [7–10]. In addition, this polysaccharide is characterized by
bioadhesiveness, bioactivity, non-toxicity, biodegradability, cytocompatibility, and is well absorbed
by living organisms [3,11,12]. Chitosan also has anti-inflammatory, anti-cancer, and hypolipemic and
antioxidant properties [13–17]. This biopolymer, similar in terms of its chemical structure to hyaluronic
acid (often used in engineering of cellular scaffolds), is much cheaper.

Thermosensitive hydrogel undergoing a sol-gel phase transition, is one of the materials used
for the preparation of polymer scaffolds applied in tissue engineering [2]. The local formation of
chitosan hydrogel can be induced by temperature [18–22], pH [23,24], or ultraviolet radiation [25].
Thermosensitive hydrogels are characterized by relatively low viscosity and predominance of viscous
properties in the sol phase as well as much higher viscosity and predominance of elastic properties
in the gel phase. The main difference between the two phases is the observed flow phenomenon
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characteristic of viscous fluid and the lack of flow for the viscoelastic fluid [26]. Due to their smaller
invasiveness as compared to implant scaffolds, in recent years they have been the object of research by
many authors [27,28]. The use of injection scaffolds makes it also possible to better fill the existing
tissue defects [28]. Their additional advantage is the ability to control important properties of the
scaffolds such as porosity, size, geometry, and the degree of pore in order to the mimic the topological
and microstructural characteristics of the extracellular matrix (ECM) [2]. The interest in hydrogels in
bone tissue engineering (BTE) is also due to their similarity to cartilage tissue which is highly hydrated
and composed of chondrocytes located in type II collagen and glycosaminoglycans (GAG) [29].

Chitosan is a cationic polysaccharide that is hydrophobic at neutral pH of the medium, it dissolves
only in an acidic environment. Chitosan hydrogel qualify as a physical gel [30] obtained by diffusion
limited aggregation (DLA) [31,32]. In this case, the non-covalent interactions (van der Waals and
hydrogen bonds) between the polymer chains as a result of the conversion of the polymer from
hydrophilic to hydrophobic form, associated with a change in the degree of dissociation of the
amino groups, are decisive. The formation of the gel network is associated with a change in the
degree of dissociation (pKa) of the amino groups. Lack of positive charge causes a change (decrease)
in the thickness of the solvation shell around this group and enables the aggregation of chains.
The disappearance of the polyion charge leads to a change in the nature of the chain from hydrophilic to
hydrophobic, and consequently, the precipitation of the chitosan from the solution and the aggregation
of the polymer particles. The phase transition point of such systems is at a temperature above
50 ◦C. Thus, it prevents their use as injection scaffolds formed in vivo. The addition of disodium
glycerophosphate (Na2GP) to the chitosan solution in acid results in the formation of an unstable
colloidal system (low value of Zeta potential) and a reduction in the temperature of the sol-gel phase
transition point [19,32–34]. The chitosan colloidal solutions obtained by dissolving the polymer in
hydrochloric acid are commonly described in the literature, however, the role of glycerophosphate is
discussed [19–22,33,35]. The process of chitosan aggregation from solutions with glycerophosphate
occurs at much lower temperatures and its kinetics depend on the current state of protonation of
amino groups—the reaction-limited aggregation (RLA) [20,31,32,35]. Based on the solution of the
Poisson-Boltzmann equation for chitosan (polyion) solutions containing disodium glycerophosphate
(counterion), Filion and Lavertu [20,35] showed that a sufficient condition for the thermal neutralization
of polyion is that dpK0/dT < dpKa/dT, where pK0 is the intrinsic dissociation constant of chitosan and
pKa is the dissociation constant of the buffer coupled to chitosan, i.e., counterion. Furthermore, the
authors stated that it is possible to use alternative compounds for glycerophosphate, which can cause
thermal phase transition of chitosan systems. According to Filion and Lavertu, the key role of the
buffer added to chitosan is its ability for heat-stimulated absorption of protons released from chitosan.
On the other hand, Eeckman et al. [36] found that the phosphate salts containing bivalent and trivalent
metal ions exert a greater influence on the lowering of the critical temperature (LCST) compared to
monovalent metal salts. Also, the addition of small quantities of inert salts reduces the LCST. In this
case, in addition to the concentration, the type of salt added and the valence of the anion are also
important. The addition of an electrolyte can disrupt the highly ordered structure of water molecules
surrounding the polyion, causing an increase in its hydrophobicity and, as a result, lowering LCST and
faster precipitation of molecules from the solution, resulting in their agglomeration—forming the gel
structure [36,37].

The methods for preparation of chitosan hydrogels described so far in the literature have been
based on the use of disodium β-glycerophosphate [18–21]. The addition of this salt into the acidic
chitosan solution causes an increase of pH to the physiological value (about 7) and a simultaneous
shift of the sol-gel phase transition temperature to approximately 37 ◦C. The literature presents
few studies on the use of glycerophosphate salts other than sodium salts, e.g., calcium [38,39] and
magnesium [40]. However, in all published studies, these salts have always been an addition to the
commonly prepared chitosan scaffolds with disodium β-glycerophosphate never being the sole source
of glycerophosphate. Moreover, the effect of calcium or magnesium ions is unclear, especially on
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rheological properties, because the introduction of both salts also causes a change (increase) in the
concentration of glycerophosphate.

The use of only calcium β-glycerophosphate for the preparation of chitosan hydrogels follows
from the fact that this compound potentially combines the benefits of the buffering properties of
glycerophosphate as well as the replacement of sodium ions unfavorable to organisms, in particular for
bone tissues, with calcium ions. The addition of glycerophosphate salt (change in pH of the solution)
allows to reduce the sol-gel phase transition temperature [30,34,35], which is extremely important
when designing scaffolds formed in vivo.

Based on researches conducted with the use of disodium glycerophosphate, it was found that the
glycerophosphate residue is an osteogenic compound [41]. On the other hand, the presence of calcium
ions is particularly important when thermosensitive hydrogels are used in bone tissue engineering.
It results from the fact that calcium and phosphate ions are necessary to form ceramics whose structure
is similar to hydroxyapatite—a mineral which together with collagen builds a scaffold responsible
for mechanical properties of bone tissue [42]. Studies available in the literature [38,39] discussing
osteoblast cultures in chitosan hydrogels indicate that the addition of calcium β-glycerophosphate salts
into commonly prepared chitosan hydrogels improves cell proliferation and viability. The quoted study
also points to the non-monotonic dependence of the proliferation of osteoblast cells and their viability
versus the β-glycerophosphate salt content. In studies using only calcium-phosphate bioceramics,
it was found that the best conditions for the viability of osteoblasts are ensured when the calcium to
phosphorus ratio was 1.6:1.0 [43]. Due to the mineral composition of bones, in the case of engineering
of these tissues, there is a need to ensure an adequate ratio of calcium to phosphorus in the prepared
scaffold. For this purpose, admixtures of ceramic materials are used in many scaffolds in BTE.
Among the many chitosan–ceramic composites, chitosan–calcium phosphate systems are particularly
popular. This is due to the similarity of their chemical composition to inorganic bone components [44].
The need to add bioceramics into the chitosan scaffolds results from their inadequate mechanical
properties [45,46] and insignificant osteoconductivity of chitosan [47]. The most commonly used ceramic
materials are calcium phosphate [43], β-tricalcium phosphate [48–50] and hydroxyapatite [47,49,51–53].
Among the compounds that can also be used to improve mechanical properties and osteoconductivity
is, for example, calcium carbonate [54] which in an acidic environment dissociates to calcium ions,
carbon dioxide and water.

The aim of the work was to propose a method for the preparation of chitosan scaffolds containing
the addition of calcium β-glycerophosphate as the only substance neutralizing pH and causing a
temperature decrease in the sol-gel phase transition.

2. Materials and Methods

Thermosensitive colloidal chitosan solutions were prepared by dissolving 400 mg of crab-derived
chitosan (Sigma-Aldrich, Poznan, Poland, product number: 50494) in 20 mL of 0.1 M acetic acid
(Sigma-Aldrich, Poznan, Poland, product number: 695092). The thoroughly mixed solution was
left for 24 h to allow the polysaccharide to completely dissolve. Next, a suspension of calcium
β-glycerophosphate cooled for 2 h was added dropwise to the chitosan acetate solution. The suspension
was obtained by mixing from 0.2 g to 2.0 g of salt in such an amount of distilled water (from 1 mL to
5 mL) as to obtain the appropriate molar concentrations of calcium-β-glycerophosphate salt, as shown
in Table 1.

The basic physicochemical parameters of chitosan such as the degree of deacetylation and
molecular weight were determined using the titration method and gel permeation chromatography.
The degree of deacetylation was determined as a difference DD = 1-DA. The degree of acetylation
(DA) was determined by titrimetric method. The molecular weight (Mw) of the tested samples was
determined by gel permeation chromatography (GPC/SEC) with the use of high-performance liquid
chromatography (HPLC) on a Knauer Smartline company apparatus, equipped with an analytical
isocratic Pump1000 and DRI detector (S-2300/2400, Knauer, Berlin, Germany). The studies carried out
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indicated that the degree of deacetylation of chitosan was DD = 81.8%, and the average molecular
weight was Mw = 680 kDa.

Table 1. The composition of the solutions used in the studies with their designations.

The Molar Concentration of
β-CaGP [mol/dm3]

Sample Number

Without CaCO3 With CaCO3

0.00 1 1CC
0.05 2 2CC
0.10 3 3CC
0.19 4 4CC
0.38 5 5CC

In order to increase the ratio of calcium ions to phosphorus ions in the solution, calcium carbonate
was added before introducing calcium β-glycerophosphate into the colloidal solution (Ubichem,
Redditch, UK, product number: C044H). The use of an appropriate amount of salt was to ensure the
assumed molar ratio of calcium to phosphorus ions is equal to 1.6:1.

2.1. Characteristics of the Mechanical Properties of Thermosensitive Hydrogels

Rheological measurements of the obtained solutions were carried out using the Anton Paar Physica
series MCR301 (Anton Paar, Warszawa, Poland) rotational rheometer with a cone-plate measuring
system (50 mm cone diameter, 1◦ cone angle and 48 µm cone truncation). In order to determine
viscoelastic properties, measurements were carried out under isothermal conditions in a wide range of
angular frequencies (ω = 0.005 s−1–500 s−1) at temperatures of 5 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C.
The conditions of the sol-gel phase transition were also determined by performing non-isothermal
oscillatory measurements at a constant heating rate (1 deg/min) in the range 5 ◦C–60 ◦C and isothermal
measurements at 37 ◦C. In both cases a constant deformation value was used (angular frequency
ω = 5 s−1, strain amplitude γ = 1%).

2.2. Stability of Colloidal Solutions (Zeta Potential) and pH Measurements

The Zeta potential changes, indicating the stability of the tested solutions, were determined using
Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) with a folded capillary cell
DTS1060 type. The measurements were carried out in non-isothermal conditions every 1 K in the
temperature range 5–50 ◦C (heating rate 1 K/min). A series of 100 measurements were carried out for
each temperature and the results were averaged.

The pH measurements of the sol phase were conducted at 4 ◦C using a pH-meter ELMETRON
CP-401 (ELMETRON Sp. j., Zabrze, Poland), equipped with a dedicated electrode for viscous
liquids ERH-12-6.

2.3. SEM Morphology and Analysis of the Atomic Composition of the Surface Layer with the Energy-Dispersive
X-ray Spectroscopy Technique

The morphology of scaffolds was analyzed using the scanning electron microscope SEM (FEI,
Quanta 200F, Hillsboro, OR, USA). With the use of an EDS detector (Oxford Instruments, X-Max,
Manchester, UK), an analysis of the atomic composition of the surface layer of the scaffolds obtained
was also carried out. During the tests, an energy beam of 3.5 eV was used. The measurements were
carried out under low vacuum (about 100 Pa) in nitrogen atmosphere.

2.4. Analysis of Surface Composition by the X-ray Photoelectron Spectroscopy Technique

The atomic composition of the tested material was analyzed using the XPS AXIS Ultra spectrometer
from Kratos Analytical Ltd. (Manchester, UK). For the analyzed samples, emission spectrum was made
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in the full binding energy range from 1200 to 0 eV. The measurements were carried out at an absolute
pressure of 1 × 10−6 Pa.

3. Results and Discussion

3.1. Calcium Glycerophosphate Versus Disodium Glycerophosphate

Measurements determining the effect of the glycerophosphate salt cation on viscoelastic properties
and the stability of colloidal systems were carried out for the same molar concentrations (0.38 mol/dm3)
and were based on the concentration of the sodium glycerophosphate salt most commonly used in
the literature.

The effects of the addition of glycerophosphate salt and the type of cation contained in this salt
were determined by measurement of Zeta potential. The obtained results are shown in Figure 1.
The value of the electrophoretic mobility of the particles in the electric field and the value of ζ-potential
determined on the basis of the Henry equation can be used to compare the dispersion stability of
the colloid systems studied [55]. This stability is defined as the result of the sum of attractive forces
(Van der Waals, hydrogen bonds) and repulsive forces (electrostatic forces). Based on the changes in
the Zeta potential obtained for the solution without glycerophosphate, in all of the tested temperatures,
the particles in the suspension had a high positive potential, 40–50 mV, which indicates a system with
good stability. Moreover, the Zeta potential value increases with increasing temperature. According to
the interpretation adopted in the literature [55], this indicates that they do not tend to repel each other
or tend to agglomerate. In the case of solutions containing the addition of glycerophosphate salt, the
measured ζ-potential values are much lower, 3–12.5 mV for disodium glycerophosphate and 0–13.5 mV
for calcium glycerophosphate. The low values of the Zeta potential of the molecules indicates that the
solution containing them is an unstable system. The macromolecules are beginning to attract each
other and aggregation occurs. The influence of the addition of glycerophosphate on the stability of
chitosan (chloride) solutions was confirmed in the study by Owczarz and coworkers [32].
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Figure 1. Experimental curves of Zeta potential for samples without glycerophosphate, with disodium
glycerophosphate and calcium glycerophosphate under non-isothermal conditions.

The analysis of Zeta potential curves for samples with the addition of glycerophosphate salts
shows that at temperatures below 30 ◦C, the value decreases with increasing temperature, from 12.8 to
6.9 and from 13.6 to 6.69 mV for sodium and calcium glycerophosphate, respectively. Moreover, it does
not depend on the type of salt used. Significant differences in the obtained Zeta potential curves are
visible in the gelation region (above 30 ◦C). In the case of solutions containing the commonly used
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disodium glycerophosphate salt, further heating of the experimental medium did not change the value
of the ζ-potential and thus the stability of the system. According to the authors [55], such systems
should be classified as highly unstable systems. In contrast, in the case of calcium glycerophosphate
salts, with the temperature ranging from 30 ◦C to 37 ◦C, a further decrease in the Zeta potential to 0 mV
was observed—the system is in the phase of coagulation of colloidal particles [55]. Thus, the conducted
research allowed to clearly determine that the type of glycerophosphate salt (the valency of the cation
forming it) has an important role in the stability of the colloidal system [56].

Analysis of the results of isothermal measurements made for samples 1–5 in a wide range of
angular frequencies ω, indicates that the use of the highest concentration of β-glycerophosphate,
corresponding to the commonly used molar sodium salt concentration [19,33], causes a significant
change in the dominant properties of the medium—cf. Figure 2a,b. Already at 5 ◦C, almost in the entire
range of angular frequencies, the predominance of elastic properties over viscous ones is observed—the
system shows properties characteristic of the gel; shown in Figure 2a.
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Figure 2. Comparison of mechanical spectra of colloidal chitosan solutions with calciumβ-glycerophosphate
(a) and sodium β-glycerophosphate (b).

Moreover, based on the non-isothermal rheological measurements, it was found that the use of
calcium glycerophosphate salt concentration similar to the concentration of sodium glycerophosphate
commonly used in the literature [33], caused a significant lowering of the sol-gel phase transition point.
The use of the same concentration and thus an equal amount of phosphate residues derived from
β-glycerophosphate decreased the temperature of the sol-gel transition point from 39 ◦C to about 18 ◦C.

3.2. Optimal Concentration of Calcium Glycerophosphate

Due to such a violent change in the viscoelastic properties of colloidal chitosan solutions as
well as the gelation conditions, it was necessary to determine the optimal concentration of calcium
glycerophosphate salt in order to ensure adequate properties for the injection application of the tested
chitosan solutions (G’ < G”), i.e., the predominance of viscous features at low temperatures and
the expected sol-gel phase transition at about 37 ◦C. The results of non-isothermal measurements
of rheological properties of colloidal chitosan solutions with various concentrations of calcium
β-glycerophosphate are shown in Figure 3.

It was found that the dependence of calcium β-glycerophosphate salt concentration on the
temperature of gelation of chitosan hydrogels, are, as to the direction, consistent with the studies on
sodium β-glycerophosphate salt presented in the literature [33,57]. It means that the change in the
cation in the glycerophosphate salt does not change the quality of the obtained results; clearly, the same
effect of the increase in concentration on the reduction of the gelation temperature is observed. However,
obtained phase transition temperatures are significantly lower than when sodium glycerophosphate
salts are used.
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Analysis of changes in the experimental curve and the obtained values of storage modulus G’ as a
function of temperature (Figure 3b) indicate that the addition of calcium glycerophosphate salt reduces
the mechanical resistance at low temperatures, but finally leads to its increase in the gel phase.

Reduction of the content of calcium glycerophosphate salt caused a gradual change of the dominant
properties of the medium to viscous ones at low temperatures and an increase of phase transition
temperature. It was found that the optimal parameters had a colloidal chitosan solution containing
0.1 mol/dm3 of calcium β-glycerophosphate—sample 3. This solution has thermosensitive properties,
as shown in Figure 4f. It is visible that the sol phase was maintained up to a temperature of about
25 ◦C. Subsequent heating of the solution led to its structural change which is observed in the case of
non-isothermal (Figure 3a) and isothermal experimental curves (Figure 4c–e). The determined sol-gel
phase transition point as a crossover point of storage (G’) and loss (G”) moduli curves occurred at 35 ◦C
(Figure 3a). A complete formation of the structure occurred at above 40 ◦C. Furthermore, it was found
that with the formation of an unlimited three-dimensional structure, improvement of the mechanical
properties of the obtained scaffold was visible. This is seen as a plateau in the curve of changes in the
value of the storage modulus G’ at angular frequency ω—cf. Figure 2b. This is also confirmed by the
values of G’ modulus which are much higher than the ones obtained in the experiments carried out at
lower temperatures. The storage G’ and loss G” moduli at 5 ◦C are shown in Figure 4a and represent
a highly flexible region in which a network structure is formed and a glass transition region occurs
between the highly flexible and glassy state [56,57]. As the temperature of the measurement increases,
the obtained experimental curves are shifted towards the strong dominance of the glass transition
region. At 35 ◦C and 40 ◦C, experimental curves characteristic of the glassy state are observed [58].

Analysis of damping factor—tanδ = G”/G’, (see Figure 4f) allows us to state that for the
measurements carried out at temperatures of 5 ◦C and 25 ◦C, the analyzed polysaccharide solution is
characterized by high molecular weight and the presence of long side chains. The difference in the
value of tanδ is due to the decrease in mechanical resistance characterized by storage modulus G’.
This biopolymer occurs in both temperatures in an amorphous form. At 30 ◦C, the curve becomes
flattened, which may indicate gradual structural changes occurring in the studied medium—the
occurrence of a weakly crosslinked, amorphous biopolymer, a so-called soft rubber. At the highest
temperatures of 35 ◦C and 40 ◦C, a change in the structural form of the medium is observed. In the
whole range of angular frequencies ω, elastic properties predominate over viscous ones (G’ > G”).
For measurements carried out at 40 ◦C, it was found that the mean value of the tangent of loss angle
tanδwas about 0.3. This indicates the occurrence of a polymer in a glassy form.
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Table 2 presents the results of measurements of the sol-gel phase transition kinetics determined at
37 ◦C. It has been found that the use of a higher concentration of calcium-β-glycerophosphate leads
to a shorter time needed to form the spatial structure of the polymer network. Simultaneously, it
should be noted that for samples 4 and 5, although the time of scaffold formation is short, the phase
transition temperature is too low. For these samples, there is a risk of starting the gelation process at
room temperature. This is connected with a significant increase in the viscosity of the system, and thus
difficult injection application.

Table 2. Results of non-isothermal and isothermal measurements for the tested samples and analysis of
the gelation kinetics curve.

Sample pH

Non-Isothermal
Measurements Isothermal Measurements Analysis of the Gelation

Kinetics Curve

Tgel [◦C] Based
on F-L Method

Tgel [s] Based on
tan = 1 Method

Value of G’
[Pa] for tan = 1

G’min [Pa]
Value

Reference
Time [s]

1 5.03 54.9 Not tested
2 5.88 43.1 2760 5.52 0.16 2681
3 6.29 35.4 700 3.24 0.11 810
4 6.58 22.0 163 2.18 0.15 121
5 6.78 18.0 145 23.10 1.00 87

1CC 6.17 54.0 * Not tested
2CC 6.19 39.2 1873 7.21 0.79 1733
3CC 6.21 29.6 403 5.96 0.61 580
4CC 6.48 17.2 * * * * *
5CC 6.73 13.0 * * * * *

Samples 1 and 1CC were not tested in isothermal measurements, due to the too long expected measurement time.
* Samples which in the entire measuring range were characterized by predominance of elastic properties over
viscous ones.

In order to normalize the obtained data, an analysis was performed in which the reference time of
fast gelation was determined; shown in Figure 5a. This value was defined as a difference between the
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time of reaching the same value of storage modulus G’ for all tested samples at the fast gelation region
(determining the same state of material elasticity), and the time of reaching the minimum value of
storage modulus G’, which is identified with the end of the viscoelastic flow phase and the start of the
fast gelation stage [19]. The set value of storage modulus G’ was chosen so that for all cases it was
above the gelation point defined as the intersection point of the curves of G’ and G” moduli. In the
considered cases, it was G’REF = 50 Pa. The analysis shows that the reference time of fast gelation is a
non-linear, decreasing function of the calcium β-glycerophosphate concentration—cf. Figure 5b.
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Figure 5. Kinetics of changes in the value of storage modulus G’ along with the presentation of a
method for determining the reference time of rapid gelation (a) and the dependence of the reference
time of gelation on molar concentration of calcium-β-glycerophosphate (b).

3.3. Enrichment with Calcium Ions

In order to increase the proportion of calcium in relation to the content of phosphorus to a similar
ratio naturally occurring in bone tissue i.e., 1.6/1, the calcium carbonate was added to the colloidal
solution of chitosan. The presence of calcium carbonate in the solution was in each case associated
with a change in the mechanical properties of the tested solutions; however, this effect depended on
the concentration of calcium glycerophosphate salt.

The experimental curves of G’ and G moduli for sample 3 (Figure 6a–c), which underwent phase
transition in conditions similar to the physiological temperature of the human body (cf. Figure 3a)
and the corresponding sample containing calcium carbonate, sample 3CC (Figure 6d–f), are shown in
Figure 6. Analysis of the results of measurements of oscillating spectra obtained at temperatures up to
25 ◦C allowed us to state that in both solutions, samples 3 (Figure 6a) and samples 3CC (Figure 6d),
the predominance of viscous features over elastic properties is visible (G’ < G”). Slight changes in
the experimental curves of storage G’ and loss G” moduli, as compared to sample 3, are observed in
the range of low angular frequencyω for measurements carried out at temperatures 5 ◦C and 25 ◦C.
Further heating of samples 3 and 3CC to 30 ◦C, 35 ◦C and 40 ◦C leads to changes in the curves of
storage and loss moduli; cf. Figure 6. The addition of calcium carbonate to sample 3 (which gives the
composition of sample 3CC) results in the occurrence of characteristic shapes of the curves of storage
G’ and loss G” moduli, cf. Figure 6b–e, towards a stronger domination of the glass transition and
glassy state regions [58–60]. The addition of calcium carbonate results in obtaining for sample 3CC
similar experimental curves for storage G’ and loss G” moduli that were obtained for sample 3 in the
case of tests carried out at lower temperatures; cf. Figure 6.
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Performing analogous analyses for samples 4 and 5, it was found that in the case of sample 5,
the addition of calcium carbonate (sample 5CC) increased the mechanical resistance of the obtained
media at all tested temperatures. Simultaneously, there were no distinctly different experimental
curves of storage modulus G’ and changes in the rheological properties of the medium. Samples 5 and
5CC were characterized by the predominance of elastic properties over viscous ones already at low
measuring temperatures. The addition of calcium carbonate salt to sample 4 (sample 4CC) was related
to a rapid change in its viscoelastic properties at low measuring temperatures. Analyzing the results
of tests conducted at 5 ◦C for sample 4CC, it was found that for a solution containing an additional
source of calcium, the predominance of elastic properties over viscous properties was observed. At the
same time, it was found that the improvement of mechanical properties of sample 4CC caused by the
addition of calcium carbonate, was not as significant as in the case of sample 5CC.

The effect of the addition of calcium carbonate on the conditions of sol-gel phase transition
was determined based on the analysis of the results of non-isothermal oscillatory measurements.
However, only in the case of 2CC and 3CC solutions it was possible to determine the sol-gel phase
transition temperature as the intersection point of the dynamic modules (tanδ = 1). The remaining
solutions containing the calcium carbonate were characterized by the predominance of elastic
properties over viscous ones already at low temperature, hence it was not possible to apply the
above method to determine the gelation temperature. For this reason, the method proposed by
Fredrickson and Larson [61] was used. This theory is based on the order-disorder of block copolymers
considering the aggregation of hydrophobic acetylated blocks of chitosan chains in systems with
glycerophosphate [34,62], and it can be successfully applied even in the case of systems with dominance
of elastic properties over viscous ones. As a consequence, the dependence of temperature as a function
of the glycerophosphate concentration with the addition of calcium carbonate was determined. It is
clearly visible that in each case the addition of calcium carbonate reduces the sol-gel phase transition
temperature; see Figure 7b.

Taking into account the application aspect, the use of solutions with a predominance of elastic
properties seems to be disadvantageous because their injection can be difficult and cause discomfort to
the patient. On the other hand, the 1CC sample undergoes a phase transition at too high a temperature
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which will prevent the formation of the scaffold structure in vivo. Consequently, the best solution
seems to be using a 3CC sample, whose phase transition temperature is around 30C. Simultaneously,
this sample undergoes a sol-gel phase transition in the typical form (from dominance of viscous
properties at low temperature, to dominance of elastic properties at high temperature).
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In the case of sample 3CC, the predominance of viscous properties over elastic properties is
observed in measurements carried out at low temperatures. Differences in the experimental curves of
mechanical spectra in the temperature range of 25 ◦C to 35 ◦C, as shown in Figure 6, are confirmed
by non-isothermal measurements of gelation point temperature, cf. Figure 8a. Equalization of the
values of storage G’ and loss G” moduli (the gelation point of sample 3CC) takes place at about 30 ◦C,
as shown in Figure 8a. For comparison, in the case of sample 3, without the addition of calcium
carbonate, the obtained sol-gel phase transition temperature is about 5 ◦C higher, as shown in Figure 6a.
Differences in the sol-gel phase transition temperatures result from different viscoelastic properties of
both media—cf. Figure 6c,e.

The introduction of an additional source of calcium also caused a significant increase in the
mechanical resistance of the medium tested; shown in Figure 8b and Table 3. A particularly large
difference in the values of modulus G’ is observed at 37 ◦C. This is due to the fact that at this temperature,
both samples are in different phases of the gelation process. Sample 3, devoid of calcium carbonate
addition, occurs in the area of fast gelation, while sample 3CC is already in the slow gelation region [57].
Comparison of results obtained for the isothermal measurements indicates that the addition of calcium
carbonate (sample 3CC) shortens the time after which intersection of the curves of storage and loss
moduli was observed, with a simultaneous increase in the value of storage modulus G’ (Table 2).
The presence of calcium carbonate also shortens the reference time of fast gelation.

The critical role of glycerophosphate ions on the formation of three-dimensional spatial structure
was confirmed by rheological tests for a sample containing calcium carbonate and is devoid of calcium
β-glycerophosphate—sample 1CC. Analysis of changes in the values of storage modulus G’ obtained in
non-isothermal measurements (Figure 8d) indicates that despite the dominance of the elastic properties
of the medium at low temperatures, formation of a three-dimensional cross-linked structure is possible
only at temperatures above 55 ◦C. The determined temperature (position of the gelation point) is
comparable with the phase transition temperature of the colloidal chitosan solution without the calcium
β-glycerophosphate and calcium carbonate. This means that the introduction of a different type of salt
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into the solution without the addition of calcium β-glycerophosphate (pH buffering) does not provide
the possibility to form a three-dimensional cross-linked structure at temperatures below 40 ◦C, and at
low temperatures it causes only changes in the properties of the experimental medium from a viscous
fluid to the fluid with predominant elastic properties; shown in Figure 8c.
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Table 3. The values of the storage modulus G’ and the dynamic viscosity η determined on the basis of
non-isothermal measurements at critical temperatures.

Storage Modulus G’ [Pa] Dynamic Viscosity [Pa·s]

5 ◦C 20 ◦C 37 ◦C 5 ◦C 20 ◦C 37 ◦C

Sample 3 1.72 1.00 14.38 1.18 0.63 1.72
Sample 3CC 3.68 1.53 8020.80 2.00 1.08 1604.20

Experimentally Determined
Gelation Temperature Tgel [◦C]

Storage Modulus G’
[Pa] at Tgel

Dynamic Viscosity
[Pa·s] at Tgel

Sample 3 35.4 4.25 0.85
Sample 3CC 29.6 7.00 1.41
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3.4. Structural Properties

3.4.1. SEM Morphology

SEM images of the prepared chitosan scaffolds are shown in Figure 9. It can be seen that
the concentration of calcium β-glycerophosphate salt has a significant influence on the scaffold
architecture. An increase in the concentration of calcium β-glycerophosphate causes higher corrugation
and cornification of the structure as well as reduction of pore diameters, i.e., significant surface
development. In the case of the highest concentrations of calcium β-glycerophosphate (samples 4
and 5), no additional porosities were observed in the scaffold structure. For comparison, scaffolds
completely devoid of calcium β-glycerophosphate form vast, flat geometries with numerous smaller
pores; shown in Figure 9a.
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It was found that among scaffolds containing calcium β-glycerophosphate, the best and most
developed structure had the scaffold prepared from a solution containing 0.1 mol/dm3 of this salt,
as shown in sample 3 (Figure 9b). The use of this concentration made it possible to obtain pores
of two sizes: large ones of approx. 100 µm and numerous smaller pores with dimensions from
several to a dozen µm, whose presence should positively affect the growth and proliferation of cells.
An additional source of calcium has a slight effect on the obtained scaffold architecture. Regardless
of the concentration of calcium glycerophosphate salt used, it was found that calcium carbonate
is deposited on the surface of the resulting chitosan scaffolds in the form of flakes (Figure 9e–h),
simultaneously not altering the resulting spatial structure (cf. Figure 9a–d), without the addition of
calcium carbonate.

3.4.2. EDS Analysis

Table 4 shows the results of the analysis of elemental composition of the surface layer, determined
using the EDS technique. On the basis of the obtained results, it was found that the introduction of
an additional source of calcium in the form of calcium carbonate made it possible to obtain a ratio
of calcium to phosphorus ions equal to (1.6–1.8):1. Such a ratio corresponds to calcium-phosphate
ceramics commonly used in tissue engineering [63,64].
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Table 4. Results for EDS analysis.

Number of
Sample

Atomic Composition % (Standard Deviation) Calcium/Phosphorus
RatioCarbon Oxygen Phosphorus Calcium

Sample no. 3CC 47.75 (2.67) 42.71 (1.03) 2.63 (0.98) 4.33 (1.86) 1.65
Sample no. 4CC 45.59 (0.72) 44.55 (0.24) 3.54 (0.19) 6.32 (0.40) 1.79
Sample no. 5CC 36.48 (1.52) 48.10 (0.41) 5.94 (0.25) 9.48 (1.54) 1.60

3.4.3. XPS Study

Example of the wide scan XPS spectrum, dependence of intensity against the binding energy,
obtained for the scaffold enriched with calcium carbonate (sample 5CC), is shown in Figure 10. While
qualitatively analyzing the results, the peaks typical for phosphates, including the hydroxyapatite,
was determined [65]. The spectra reveal the formation of chitosan–calcium phosphate composites.
From the quantitative analysis (Table 5), it follows that on the tested sample surface, the ratio of
calcium (13.3 mass concentration %) to phosphorus (8.26 mass concentration %) is approx. 1.6:1—cf.
Table 5. It can therefore be assumed that, in quantitative terms, a structure similar to hydroxyapatite
was obtained.Processes 2019, 7, 297 15 of 19 
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Figure 10. XPS spectrum of a sample 5CC.

Table 5. Detailed data of XPS analysis for considered peaks—sample 5CC.

Peak
Position BE (eV) FWHM (eV) Mass Conc %

Value SD * Value SD Value SD

O 1s 532.65 0.06 3.00 0.01 41.01 1.00
Ca 2p 399.28 0.07 1.44 0.07 13.30 0.17
P 2p 347.25 0.05 1.33 0.01 8.26 0.18
C 1s 286.41 0.07 1.41 0.05 35.57 1.17
N 1s 133.15 0.09 1.65 0.04 1.86 0.05

* SD—Standard Deviation.

This value confirms the results obtained using the EDS technique—cf. Table 4. This proves the
importance of introducing calcium carbonate into chitosan solutions with β-glycerophosphate as an
additional source of calcium.

4. Conclusions

On the basis of the conducted tests, it has been found that it is possible to prepare thermosensitive
chitosan hydrogels completely devoid of disodium β-glycerophosphate salts. The use of only calcium
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β-glycerophosphate during the preparation of chitosan hydrogels followed from the fact that this
compound combined the benefits of buffering properties of glycerophosphate while replacing at the
same time the harmful sodium ions with calcium ions. It was also shown that the use of identical
concentrations of two glycerophosphate salts with sodium and calcium atoms caused a rapid change
in viscoelastic properties and different conditions of phase transition of colloidal chitosan solutions.
Analysis of the results of research carried out for various concentrations of calcium β-glycerophosphate
has shown that the use of four times lower concentration of calcium β-glycerophosphate, relative to
the molar concentration of sodium salt commonly used in studies published in the literature [19,33],
makes it possible to obtain a colloidal solution that undergoes phase transition at a temperature of
about 35 ◦C. The dependence of the position of the gelation point on the concentration of calcium
β-glycerophosphate is similar to the one presented in the literature for solutions containing disodium
β-glycerophosphate [19,33]. However, the obtained values of phase transition temperatures are much
lower, as shown in Figure 3b.

The introduction of an additional source of calcium in the form of calcium carbonate to the
experimental medium caused a change in its rheological properties, namely a decrease of phase
transition temperature, as shown in Figure 7, and an increase of mechanical resistance of the obtained
scaffolds, as shown in Figure 8 and Table 3. It is worth mentioning that this change significantly
depended on the used concentration of calcium glycerophosphate salt. It turned out that the 3CC
sample best meets the requirements for injection scaffolds in tissue engineering applications.

The conducted studies, based on the Zeta potential curves, allowed to clearly determine that the
type of glycerophosphate salt (the valency of the cation forming it) has an important role in the stability
of the colloidal system. This effect is more visible in the gelation region (above 30 ◦C), where in the case
of solutions containing calcium glycerophosphate, coagulation of particles occurs. This phenomenon
was not observed with commonly used sodium glycerophosphate.

The conducted analyses of elemental composition of the surface layer by EDS and XPS techniques
confirmed that the obtained chitosan-hydroxyapatite composite had a calcium to phosphorus ratio
characteristic for this type of bioceramics which amounted to approx. 1.6:1. Analysis of the morphology
of the scaffolds indicates that the scaffolds for tissue culture have a highly interconnected surface and
spatial structure characterized by two classes of pore size. The use of calcium β-glycerophosphate
instead of sodium β-glycerophosphate salt enables wider use of thermosensitive chitosan hydrogels
in bone tissue engineering. It results from the preparation of scaffolds with much better mechanical
properties, which simultaneously contain tissue-generating elements in proportions characteristic for
chemical compounds which are natural building materials of bone tissue.

The conducted research provides new valuable information both in terms of application as well as
for the mechanism of sol-gel phase transitions of colloidal chitosan solutions, which is still discussed in
the literature.
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