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Abstract: We investigate the rheological behavior of aqueous solutions containing animal gelatin,
sugars and polyols. The aim is to study how the gelation kinetics, transition temperatures and gel
strengths of an aqueous gelatin solution can be affected by the progressive addition of co-solutes.
Aqueous solutions with a fixed mass percentage of gelatin of 6.8 wt% were prepared at various
concentrations of sugars and polyols. Through Dynamic Temperature Ramp tests, performed at
various ramp rates, and Dynamic Time Sweep and Dynamic Frequency Sweep tests, carried out at
different temperatures, it was possible both to evaluate the transition temperatures and to monitor
the gelation kinetics of the samples. It was found that the contribution of co-solutes positively affects
both the gelation process and the thermal stability of the aqueous gelatin solution by reducing the
gelation time and improving the mechanical properties of the gel in terms of network elasticity.
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1. Introduction

Gelatin is a high-molecular-weight bio-polymer that derives from the partial hydroly-
sis of collagen [1,2]. The latter can be found in animal connective tissue and in bones [3].
The main source to produce gelatin is pig and bovine skin, although gelatins derived from
fish exist too [4,5].

Gelatin is mainly composed of proteins (85-92%), mineral salts, and water [6]. The ex-
act chemical composition and structure of gelatin cannot be defined due to the dependence
on the raw material used (source and age of the animal), and on the type of treated collagen.
In this respect, Ricard-Blum identified 28 different types of collagen [7] that contain at least
one triple-helical domain.

Gelatin is easily soluble in water at temperatures above 30 °C. By decreasing the
temperature of the solutions, a thermoreversible physical gel is formed [8]. The physi-
cal network is composed of triple helices that link together to form a three-dimensional
structure [9-12].

Gelatin gels, in a given concentration range, have the unique feature to be in the sol
state at T > Thyman pody (Producing the so-called “melt in the mouth” effect), and in the gel
state at T < Thuman pody [13]-

Due to its firm and elastic nature, animal gelatin is one of the most versatile bio-
polymers with numerous applications in food, confectionery, pharmaceutical, cosmetic and
packaging fields [14], mainly at concentrations above 5 wt% [15]. In particular, confectionery
is a relevant segment of the food industry manufacturing, and one of its flagship products
is candy. Among candies, jellies are a top selling segment. Jellies are a category of sugar
confectionery products, mainly composed by co-solutes such as sugars, polyols, glucose
syrup and a gelling agent [16]. Animal gelatin is the most common gelling agent. Others
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are gellan gum, pectin and modified starch [15,17]. Each hydrocolloid imparts its own
unique texture and organoleptic properties to the finished product [18].

The jelly matrix is a gel-like network, where co-solutes are structured with the gelling
agent [19]. El-Nawai and Heikel studied the non-monotonic effect of PH on jellies” strength
with various amounts of sugars [20]. The physico-chemical and mechanical properties of
jellies depend on the formation of physical junctions between the gelling agents and water
and sugars in the gel matrix [21]. Sugars are also able to enhance the sweetening power of
the final product [22].

Despite the sugar co-solutes not being involved in the polymer network, they can
contribute to the formation of confectionery gels [23]. Some works have reported the
possibility of affecting the thermal stability as well as the gel strength by adding sugars
and polyols to aqueous gelatin solutions [24-27]. Shimizu and coauthors [27,28] found,
through statistical thermodynamics performed on gelatin and k-carrageenan solutions,
that co-solvents are excluded from the sol state more than from the gel state. Wang
and Hartel [21] proposed an effective mechanism to explain the gelatin gel enhancement
by sugars and polyols: (i) sugars/polyols modify the hydrogen-bonding structure of
water, thus destabilizing the sol phase and promoting the gel formation; (ii) the strongly
hydrated sugars/polyols reduce the available water molecules, thus increasing the gelatin
concentration; (iii) the exclusion of sugars and polyols from biopolymer surfaces leads to
an enhancement of the gelatin molecule aggregation.

Polysaccharide gels display a similar behavior compared to gelatin gels, up to sugar
concentrations of about 40% [29]. For higher concentrations, a non-motonic behavior of
the elastic modulus is observed for gelatin and polysaccharide gels. Similar results have
been found by Doyle et al. on cryogels of locust bean gum with fructose, sucrose and
glucose [30]. Yang et al. [31] report the effect of sucrose, up to 30 wt%, on aqueous «-
carrageenan solutions, showing that both transition temperatures and gel strength increase
with sugar content. The increase in the melting temperature can be ascribed to an increase
in OH-groups present on sugars, which leads to a change in the water structure or to a
different interaction between OH groups and k-carrageenan [32].

As reported by Miyoshi et al. [33], upon increasing the sugar concentration up to 4 M
in aqueous gellan solutions, higher values of the viscoelastic moduli are observed. This
result demonstrates the positive effect of the glucose on the mechanical properties of gellan
gels. Moreover, a similar trend was also reported for pectin gels by Kastner et al. [34].

The order of dissolution of sugars and hydrocolloids in solution also plays a key role.
In a recent work, Yang et al. [35] showed that, depending on the order of addition of
sugar and hydrocolloid (agar in the specific case) to the solution, a different behavior of
the mechanical properties is found. The authors experimentally demonstrated that for
solutions prepared by adding the bio-polymer to a sugar solution at 40%, the resulting gel
shows lower mechanical strength and high opacity. This behavior results from a lower
homogeneity of the microstructure, although such a molecular architecture leads to better
sugar release.

Despite the great number of studies on this topic, which involve various hydrocolloids
and numerous, even chemically modified [36,37], co-solutes, detailed rheological character-
izations and a possible microstructural picture on the gelation kinetics of gelatin gels in the
presence of a large amount of co-solutes are rare in the literature. More specifically, this
work focuses on a thermo-rheological investigation of multi-component aqueous gelatin so-
lutions. To carry out the analysis, a fixed-weight percentage (6.8 wt%) of gelatin in solution
was used, while the co-solute mass percentage as well as the number of co-solutes were
varied. The co-solutes were added in increasing number, from one to four. The gelation
kinetics of the multi-component gelatin solutions was studied under non-isothermal and
isothermal conditions.
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2. Materials and Methods
2.1. Chemicals

Pig skin gelatin with 275 Bloom grade, sucrose, dextrose, and sorbitol were kindly
supplied by Perfetti Van Melle, Italy. All reagents were food grade and used as received.
Bi-distilled water was used to prepare solutions.

2.2. Sample Preparation

Multi-component gelatin solutions were prepared by dissolving each component in
bi-distilled water using a magnetic stirrer at 360 rpm and 60 °C for 2 h, to guarantee
complete dissolution. Then, each solution was transferred to a glass bottle and stored at
room temperature. For each sample, the measured pH value was approximately 5, and
no pH adjustment was performed, in view of the weak dependence of the rheological
properties on pH [38]. Each multi-component solution was prepared by keeping fixed the
gelatin concentration at 6.8 wt%, as shown in Table 1. The number close to the term “Sol.”
in Table 1 stands for the number of components in solution, and the letter S or D defines
the sugar (sucrose or dextrose, respectively). Before each rheological test, solutions were
kept at 60 °C for 15 min in order to erase any thermal history of the samples.

Table 1. Composition of multi-component gelatin solutions.

Water [wt%] Gelatin Sucrose Dextrose Sorbitol
[wt%] [wt%] [wt%] [wt%]
Sol. 2 93.2 6.8 - - -
Sol. 3S 69.4 6.8 23.8 - -
Sol. 3D 90.9 6.8 - 2.3 -
Sol. 4 67.1 6.8 23.8 2.3 -
Sol. 5 64.4 6.8 23.8 2.3 2.7

2.3. Rheological Measurements

Dynamic rheological measurements were carried out in a rotational stress-controlled
rheometer (Discovery Hybrid Rheometer 2, TA Instruments, New Castle, DE, USA) equipped
with a Peltier unit for temperature control and 40 mm-diameter sandblasted parallel plates.
During non-isothermal tests, to account for metal thermal expansion, a coefficient of
0.957 um/°C was used. All tests were performed by using a gap of 1 mm and a solvent
trap to minimize sample evaporation at high temperature.

Dynamic Temperature Ramp Tests (DTRTs) were conducted by imposing a frequency
of 10 rad/s and a deformation of 5%, to remain within the linear viscoelastic regime, as
proven by previous strain sweep tests (not reported). Each DTRT was performed in a
temperature range between 60 °C and —5 °C, by imposing specific cooling /heating rates
(1 °C/min, 3 °C/min and 5 °C/min), in order to detect the temperature dependence of
the viscoelastic moduli. Solutions were loaded at 60 °C, cooled down to —5 °C and, after
a soaking time of 300 s, heated up again to 60 °C. Such a test allowed us to monitor
the evolution of viscoelastic moduli over the temperature and to evaluate the transition
temperatures. The latter were defined as the minimum of the derivative of log(|G*|) with
respect to temperature [39-41]. The transition temperature during a cooling ramp was
indicated as T gel, whereas the transition temperature during a heating ramp was Tge| 5o-

Depending on the nature of the solution, Dynamic Time Sweep Tests (DTSTs) were
performed in isothermal conditions in a selected temperature range between 21 °C and
30 °C. The sample was loaded at 60 °C and cooled down to the test temperature by a cooling
ramp of 10 °C/min, a frequency of 10 rad/s and a deformation of 5%. When the sample
reached the reference temperature, the test was started and the viscoelastic moduli were
measured as a function of time. The gel time, ¢, was defined as the time at which the
viscoelastic moduli are equal [42,43].
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Dynamic Frequency Sweep Tests (DFSTs) were performed at 5 °C with a linear strain
of 5% and in a frequency range between 100 and 0.1 rad/s. Before the test, each solution
was loaded at 60 °C, rapidly cooled to 5 °C by a cooling rate of 10 °C/min and kept at 5 °C
for 1 h.

3. Experimental Results and Discussion
3.1. DTRTs on Multi-Component Aqueous Gelatin Solutions

Figure 1 reports the evolution of the elastic and viscous moduli as a function of
temperature for an aqueous gelatin solution (Sol. 2) during a DTRT performed at 1 °C/min
both in cooling and in heating. As reported elsewhere [44], at high temperatures, the
sample is characterized by very low viscoelastic moduli due to the high chain mobility in
solution. In such conditions, the sample behaves as a viscous liquid. During cooling, the
gelation process takes place and a three-dimensional network is built up [45]. An onset
temperature close to 24 °C is evidenced by the abrupt increase in moduli, highlighting the
incoming gelation. At low temperatures, a solid-like structure is observed, characterized by
an elastic modulus that exceeds the viscous modulus by two orders of magnitude. In such
conditions, the microstructure is formed by triple helices connected to each other through
hydrogen bonds [46].

During the heating ramp, the process is reversed: melting takes place, characterized
by a steep decrease in the moduli. Finally, at high temperatures, G’ and G” return to their
initial values, proving that gelation is thermoreversible.

Figure 1 clearly shows the existence of an hysteresis between the cooling and the
heating ramps whose broadness depends on the imposed rate. This hysteretic loop has
been previously explained by a different energy barrier required to form (during cooling)
and break down (during melting) the triple helices between gelatin strands [47].
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Figure 1. Storage modulus G’ and loss modulus G” as functions of the temperature for an aqueous

gelatin solution (Sol. 2) at 1 °C/min. Up-triangles indicate the cooling phase, down-triangles the
heating phase.

Figure 2 displays the complex modulus as a function of the temperature at different
cooling/heating rates. Each panel in Figure 2 shows the |G*| temperature dependence
for each multi-component aqueous gelatin solution investigated. In spite of the addition
of sugars and polyols, the complex modulus trend, shown in Figure 2, shows the same
features observed for the pure gelatin solutions (Sol.2) and previously discussed. Among
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the various features that characterize the sol-gel-sol transitions of gelatin gels, the presence
of a marked difference between the cooling and heating ramps is, surely, the most apparent.
Figure 2 shows that the hysteresis broadness increases as the imposed cooling/heating
rate increases.
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Figure 2. Complex modulus, |G*|, as a function of the temperature at different cooling /heating rates
for multi-component aqueous gelatin solutions. (a) Sol. 2; (b) Sol. 3S; (c) Sol. 3D; (d) Sol. 4; (e) Sol. 5.
The legend in Figure (a) is valid for all figures.

Figure 3 shows a direct comparison of the complex modulus as a function of the
temperature for the entire set of multi-component solutions at a fixed ramp rate of 1 °C/min
both in cooling (Figure 3a) and in heating (Figure 3b). In both cases, the curves, and
consequently the transitions, move to higher temperatures. Since the gelatin content in
the solution is fixed, it is clear that the thermal behavior of the complex modulus is purely
affected by the number of co-solutes in the solution, with the exception of dextrose that
seems not to affect the viscoelastic behaviour, at least at this concentration. On the other
hand, the presence of the co-solutes affects the sol state at high temperatures by increasing
the viscosity of the binary solution according to the amount and type of sugars and polyols.
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Figure 3. Complex modulus, |G*|, as a function of the temperature at 1 °C/min for multi-component
aqueous gelatin solutions: (a) Cooling ramps and (b) heating ramps.

Figure 4 depicts the transition temperatures as a function of the cooling/heating ramp
rate for multi-component gelatin samples. For the binary solution, the dependence of
the transition temperatures on the cooling/heating ramps has been widely studied and
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reported in recent works [44,48,49]. Gelatins are nonequilibrium systems, for which a
unique sol-gel transition temperature is not expected, even at a vanishing ramp rate [48].
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Figure 4. T5o) gel (blue symbols) and Te).50) (red symbols) as a function of cooling /heating ramp rates
for multi-component aqueous gelatin solutions. Each symbol refers to a different sample.

Figure 4 shows that, as sucrose and sorbitol are added to the binary solution, the
thermal stability of the resulting gels increases, that is, the resistance of the macroscopic gel
to melt. In other words, the gel structure melts at higher temperatures.

Fixing the sample formulation, we observe that as the ramp rate increases, Tsolgel
decreases and Tgels01 increases. In particular, Tyo)ge is strongly influenced by the ramp
rate. As an example, sample Sol. 5 shows a T g Of approximately 21 and 28 °C at ramp
rates of 1 and 5 °C/min, respectively. For a direct comparison between solutions, we report
in Table 2 their characteristic transition temperatures as a function of the applied ramp rate.

Table 2. Characteristic transition temperatures of the investigated solutions at different ramp rates.

Tsol-gel [OC] Tgel-so] [OC] Ramp Rate [OC/min]

23.2 31.3 1

Sol. 2 19.7 31.6 3

17.6 32.2 5

259 34.5 1

Sol. 3S 20.9 36.3 3
17.7 36.4 5

23.5 31.8 1

Sol. 3D 20.3 32.7 3
17.1 33.2 5

259 35.3 1

Sol. 4 209 35.7 3

18.7 35.4 5

27.9 35.9 1

Sol. 5 23.1 36.9 3

21.2 36.9 5

Figure 5 shows the linear viscoelastic behavior by reporting G’ and G” as a function of
the angular frequency at 5 °C. The frequency sweeps have been measured after the time
sweep at 5 °C for 1 h in order to ensure complete gelation in the samples. Figure 5 shows the
viscoelastic response for each multi-component solution characterized by a well-defined
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solid network, with a constant elasticity in the entire frequency range. Figure 5 emphasizes
that, as the number of components in a solution increases, the properties of the resulting gel
are enhanced. This can be seen from the fact that the elastic modulus, at a fixed frequency,
increases consistently with the number of co-solutes in solution. A similar trend is also
found for G”. Thus, co-solutes act on both the elastic and the dissipative component of
the network.
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Figure 5. Linear viscoelasticity as a function of frequency at 5 °C for each multi-component gelatin
solution. G’ is represented with filled symbols, G” with empty symbols. Data are obtained after a
soaking time of 1 h at 5 °C.

The most popular theory that justifies the gel enhancement in the presence of sugar is
reported by Shimizu and Matubayasi [27]. They demonstrate that the increase in elasticity
is due to the exclusion of co-solutes from the three-dimensional gelatin network. In this
microstructural approach, the available water for gelatin coils to gelify is reduced, thus
producing a more concentrated gel network. In this way, when gelation takes place, the
helices arrange closer together, increasing the degree of packing, and are surrounded by a
bulk of water and sugars (and/or polyols).

3.2. Isothermal Gelation of Multi-Component Aqueous Gelatin Solutions

Figure 6 shows a DTST performed on an aqueous gelatin solution (Sol. 2), where the
storage and loss moduli are plotted as a function of time, at a fixed temperature of 22 °C.
At short time scales, the prevalence of G” over G’ indicates a liquid-like behavior. As time
increases, the viscoelastic moduli grow, and at a characteristic time, known as gel time
tc ([43]), G’ and G” are equal. Then, the microstructure changes rapidly, the number of
triple helices increases, and finally a 3D network is formed [50-52]. At long time scales, we
can observe the prevalence of the elastic modulus over the viscous one, which is a typical
behavior of a solid-like system [53].

Figure 6 clearly shows that the viscoelastic moduli, at large time scales, display a
tendency to saturate without reaching a plateau value due to the non-equilibrium nature of
gelatin gels [12,48,54].
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Figure 6. Storage modulus G’ (red circles) and loss modulus G” (blue circles) as a function of the
time for an aqueous gelatin solution (Sol. 2) at 22 °C.

Figure 7 displays the gelation kinetics for the multi-component solutions. As expected,
the multi-component solutions (panel (b—e) in Figure 7) show similar gelation features
compared to the gelation kinetics of binary solution (Figure 7a). From Figure 7 it can be
seen that, as the temperature increases, the curves shift towards larger time values. This
means that the gelation process slows down as the temperature increases. In addition, also
for multi-component solutions, the elasticity does not reach a plateau value (at least within
the experimental time limits).
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Figure 7. Gelation kinetics for multi-component aqueous gelatin solutions. For each solution the
complex modulus as a function of the time in a selected temperature range is reported. (a) Sol. 2;
(b) Sol. 3S; (c) Sol. 3D; (d) Sol. 4; (e) Sol. 5.

Figure 8 shows the temperature dependence of the gel time, ., for the multi-component
gelatin solutions. The co-solute addition strongly affects the gel time. Upon increasing
temperature, the gel time increases with a non-linear dependence for all multi-component
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solutions. Figure 8a also shows that, as co-solutes are added to the binary solution, the
curves shift down, indicating that the addition of co-solutes enhances the gelation process,
since the transition occurs on shorter time scales. This behavior is clearly shown by the bar
chart in Figure 8b, which shows the evolution of the gel time for three selected tempera-
tures. A possible explanation is that as the amount of co-solutes decreases, the probability
of intermolecular collisions between gelatin chains is reduced (due to an “actual” lower
concentration of gelatin in water), and this results in an increase in the gel time under
isothermal conditions [29]. Intermolecular collisions are a prerequisite for the coil-to-helix
transition, which is crucial for the gelation phenomenon [29,51,52,55].
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Figure 8. Temperature dependence of the gel time, ¢.: (a) For the entire temperature range explored
and (b) only for three selected temperatures.

In a way, to compare the isothermal gelation of the different solutions, we tried to find
a characteristic temperature for each formulation at which the gelation kinetics could show
similar trends. By taking as a “reference” the complete formulation (Sol.5: 26 °C), we found
that it is actually possible to obtain a similar gelation behaviour if one takes some relative
temperatures (Sol.2: 21 °C; Sol.3S: 24 °C; Sol.3D: 21 °C; Sol.4: 24 °C). Figure 9a displays
the elastic modulus as a function of time at the previously indicated temperatures for all
solutions studied in the current work. It can be seen that all curves overlay on each other
irrespective of the co-solutes present in solution. This suggests that the incoming network
microstructure and the resulting elasticity are built up only by the content of gelatin, which
does not change in solution. On the other hand, Figure 9b shows the trend of G” with time
that seems to be dependent on the co-solute content. The behaviour shown in Figure 9b
suggests that co-solutes strongly affects the bulk aqueous phase that surrounds the gelatin
chains without interfering with the physical associations that lead to the three-dimensional
gelatin network. Based on our rheological data, we can deduce that a complex network
is then defined, formed by an aqueous phase rich in sugars and polyols that affects only
the dissipative behaviour of the system on which gelatin chains build up junction zones
that confer elasticity to the resulting gel. This microstructure insight is in agreement with
predictions shown by Shimizu et al. [27].

From a closer look to the thermal behaviour of the solutions, we actually realized that
the different temperatures that allow the superposition of the gelation kinetics presented in
Figure 9 are effective because at the same distance from the relative sol-gel temperature
(the latter evaluated at 1 °C/min for each solution):

T= Tsol—gel -2°C 1)

In other words, Equation (1) reveals that Figure 9 compares the solutions at the same
distance from the relative T ge1, which in this case is —2 °C.
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Figure 9. (a) Elastic and (b) viscous moduli as a function of time for the entire set of multi component
gelatin solutions. The relative temperatures are Sol.2: 21 °C; Sol.3S: 24 °C; Sol.3D: 21 °C; Sol.4: 24 °C;
Sol.5: 26 °C.

This approach reminds us of a similar procedure performed on polymer melts with
different molecular weights and, consequently, different glass transition temperatures.
Their rheological curves are usually shifted by considering the same distance from the glass
transition temperature. In such a way, it is possible to realize the so-called iso-frictional
conditions, which allow us to, for example, evaluate the terminal relaxation of polymer
chains, irrespective of the temperature at which the glass transition occurs [56-58].

4. Conclusions

In this work, the effect of sugars and polyols on the gelation of gelatin solutions was
investigated by performing a rheological characterization of some multi-component gelatin
solutions. It is worth noting that for these solutions the mass percentage of gelatin was
kept fixed, while different co-solutes were added as a replacement for water.

Dynamic temperature ramp tests were performed at different ramp rates, which
allowed us to evaluate the transition temperatures. Through DTRTs, it was possible
to notice that upon increasing the number of co-solutes, both thermal stability and gel
strength improved.

Isothermal dynamic time sweep tests provided a measure of the gel time, showing
that as the amount of co-solutes decreases, the gelation process occurs at larger time scales.
Thus, the addition of co-solutes enhances the gelation phenomenon.

Finally, an arbitrary normalization of gelation isothermal curves at the same distance
of Tso1.gel was carried out. In such conditions, it was found that the addition of sugars and
polyols affected only the viscous behaviour (sol state) without changing the elasticity of the
resulting gel. The main reason was that co-solutes were completely dissolved in the bulk
aqueous phase without modifying the gelatin chains aggregation, which instead controlled
the network elasticity.
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