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Abstract: Due to the high complexity of some treatments, there is a need to develop drug-delivery
systems that can release multiple drugs/bioactive agents at different stages of treatment. In this
study, a thermoresponsive injectable dual-release system was developed with gellan gum/alginate
microparticles (GG:Alg) within a thermoresponsive Pluronic hydrogel composed of a mixture of
Pluronic F127 and F68. The increase in F68 ratio and decrease in F127 lead to higher transition
temperatures. The addition of the GG:Alg microparticles decreased the transition temperatures
with a linear tendency. In Pluronic aqueous solutions (20 wt.%), the F127:F68 ratios of 16:4 and
17:3 (wt.%:wt.%) and the addition of microparticles (up to 15 wt.%) maintained the sol–gel transition
temperatures within a suitable range (between 25 ◦C and 37 ◦C). Microparticles did not hinder the
injectability of the system in the sol phase. Methylene blue was used as a model drug to evaluate the
release mechanisms from microparticles, hydrogel, and composite system. The hydrogel delayed the
release of methylene blue from the microparticles. The hydrogel loaded with methylene blue released
at a faster rate than the microparticles within the hydrogel, thus demonstrating a dual-release profile.

Keywords: hydrogels; thermoresponsive; Pluronic; alginate; gellan gum; rheology

1. Introduction

With the significant developments of the last few decades in biomedicine, a great
focus has been on the design and development of drug-delivery systems (DDSs). These
systems are used to deliver drugs/bioactive agents to the human body in a controllable
and sustainable way that is adequate for the desired treatment. These can be designed
using multiple forms, such as nanoparticles, microparticles, hydrogels, liposomes, and
others [1–3]. These systems can be designed to deliver different types of drugs and can also
be designed for in situ delivery. Introducing a DDS that can deliver more than one bioactive
agent in loco is of great interest for many applications. Due to the high complexity of
different types of treatments, a DDS that can adapt its release to the needs of the particular
case can present better results than a simple direct administration of pharmaceutical
agents. The release of more than one drug at different stages of the treatment will allow
synergistic treatment. Ma et al. [4] developed a sequential delivery system that can deliver
different types of drugs at different stages of the wound-healing process. The system
was composed of a sodium alginate/bioactive glass (45S glass) injectable hydrogel [5]
with sodium alginate microparticles with a conditioned medium of cells. In addition,
polylactic-co-glycol acid (PLGA) microparticles loaded with pirfenidone were loaded into
the system. The hydrogel would rapidly release bioglass ionic products to regulate the
inflammatory response. Then, the microparticles would release the conditioned medium to
facilitate the formation of vascularized granulation tissue. Lastly, the PLGA microparticles
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would release pirfenidone to prevent scar formation and enhance skin regeneration. In
another study, Li et al. [6] developed an implantable fiber structure device that offered
a dual release of doxorubicin (Dox) and angiogenesis inhibitor apatinib (Apa) for breast
cancer treatments. This device had the objective of rapidly releasing Dox, followed by a
more sustained release of Apa to prevent tumor recurrence. Thus, this system could treat
and prevent tumor recurrence. In cancer treatments, sequential and dual-delivery systems
can have great benefits [7].

The development of microparticles that can be used as DDSs has been the topic of many
studies. Microparticles made with natural polysaccharides such as alginate and gellan
gum are an attractive topic since these materials are biocompatible and biodegradable.
Alginate is a known anionic polysaccharide commonly used in biomedicine [8]. Gellan
gum is also an anionic polysaccharide that has good mucoadhesive properties [9]. Gellan
gum has higher tensile stress than alginate, although it is not as ductile [10]. The mixture of
these two materials allows for the production of different DDS with adjustable properties.
Since they are both sensitive to ionotropic gelation, especially to the presence of divalent
cations, such as Ca2+, it is possible to produce different hydrogel DDS from their blend.
This mixture has been previously used to produce microparticles that could be used in
different biomedical applications [9,11,12], including drug delivery [13].

Hydrogels are three-dimensional (3D) structures that can accumulate great quantities
of water within their structure [14,15]. Consequently, hydrogels can store large amounts of
drugs/bioactive agents to be released within the human body. Hydrogels can be sensitive
to different stimuli. Thermoresponsive hydrogels are hydrogels that undergo a physico-
chemical change triggered by temperature differences [16–19]. Pluronic (or poloxamer) is
one example of a thermoresponsive hydrogel. It is composed of poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) in a triblock structure (PEO-PPO-PEO). In an aqueous
solution at low temperatures, it is within its sol state. Then, with increasing temperature, a
micellar structure starts to form, due to an increase in the hydrophobicity of PPO, leading
to the formation of a micellar gel [20]. Due to this capability, Pluronic hydrogels can be
used as injectable DDSs. The hydrogel at operating room temperature (21 ◦C) can be in the
sol state, thus facilitating its injectability, and with injection to the human body, gelation
occurs in situ due to the physiological 37 ◦C. Within the human body, the hydrogel releases
its components at a rate dependent on the hydrogel structure and drug affinity. To inject it
into the human body, a rheological characterization should be performed to understand
the transition temperature of the hydrogel. This transition temperature should be above
25 ◦C and less than 37 ◦C [16,21]. In the market, there are different types of Pluronic, such
as F127 (PEO99PPO69PEO99) and F68 (PEO80PPO27PEO80). These two differ in the ratio of
PEO and PPO [22]. Their mixture has been previously studied and it was found that their
combination can regulate the transition temperature [22,23].

To have a dual-release pattern, it is possible to introduce microparticles with different
release patterns within the hydrogel. These microparticles can be developed to deliver
drugs in a more prolonged way. Thus, a microparticle–hydrogel injectable DDS can be
produced [24]. With this DDS, it is possible to load drugs/bioactive agents within the
hydrogel and within the microparticles. The drugs loaded within the hydrogel will be
released in an earlier stage. Afterwards, the microparticles would release the drugs in a
more prolonged release. These dual-release platforms can serve as a DDS that can be used
in more complex treatments that require more than one drug. In addition, it is possible that
the hydrogel delays the release profile of the microparticles [24].

However, introducing microparticles within the hydrogel can alter the rheological
properties of the hydrogel. Previous studies have found that the presence of microparticles
changes the transition temperature of hydrogels [16], so it is important to define and adjust
the transition temperature of the microparticle–hydrogel composite system. To this end, in
this article gellan gum/alginate microparticles, which had been previously optimized [25],
were introduced within a Pluronic hydrogel to develop an injectable DDS. In a previous
study, the microparticles were revealed to have adequate drug-delivery capabilities using
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methylene blue as a model drug [25]. Two types of Pluronic (F127 and F68) were used
to control the transition temperature of the hydrogel. Then, different concentrations of
microparticles were used to study their impact on the hydrogel’s rheological characteristics.
With this, it was possible to study the effect of the ratio of Pluronic F127:F68 and the effect
of microparticle concentration in the DDS. In vitro drug-delivery tests were performed to
understand how the hydrogel affects the release profile from microparticles and how the
microparticles affect the release profile from hydrogel.

2. Materials and Methods
2.1. Materials

Pluronic F-127 and Pluronic F68 were purchased from Sigma Aldrich (St. Louis,
MO, USA). High-acyl gellan gum was purchased from Sigma-Aldrich (USA) as Phy-
tagel. Alginic acid sodium salt was purchased from BioChemica (Panreac Química SLU,
Castellar del Vallès, Spain). Methylene blue (MB), in powder form, was purchased from
Alfa Aesar (Haverhill, MA, USA), and calcium chloride from Carl Roth (Karlsruhe, Ger-
many). The phosphate buffer solution (PBS) was prepared with two different pH: 7.4 and
6.5. For pH 7.4, the following reagents were added to 800 mL of Millipore water: 4 g
of sodium chloride (NaCl 100%) (J. T. Baker, Avantor, USA), 0.1 g of potassium chloride
(KCl ≥ 99%) (Sigma-Aldrich, USA), 0.72 g of disodium hydrogen phosphate (Na2HPO4)
(Panreac Química SLU, Spain) and 0.12 g of potassium dihydrogen phosphate (KH2PO4)
(Panreac Química SLU, Spain). Then, more Millipore water was added to make 1 L of
solution. For PBS with pH 6.5, the quantities of each reagent were as follows: 8 g of NaCl,
0.2 g of KCl, 0.61 g of Na2HPO4 and 0.19 g of KH2PO4.

2.2. Microparticle Production

Gellan gum/alginate microparticles were produced via a coaxial air flow method.
This method used optimized production parameters that were obtained in a previous
study [25]. A solution made with 2 wt.% of a mixture of alginate and gellan gum (ratio of
50:50) was prepared. Then, using the coaxial air flow method, microparticles were ionically
cross-linked in a gelation bath of calcium chloride solution (3.5 w/v%). Dried microparticles
had a size between 150 and 220 µm, and in their swollen state they reached diameters of
around 400 µm.

2.3. Hydrogel and Microparticle–Hydrogel Composite System

Pluronic F127 and F68 were mixed into an aqueous solution (20 wt.%) with different
ratios of F127 and F68 (F127:F68 14:6, 15:5, 16:4, 17:3, 18:2, and 20:0). After mixing, the
solutions were stored at 4 ◦C to let the Pluronic dissolve and to maintain the hydrogel
in the sol state. The microparticle–hydrogel solutions were prepared by mixing different
concentrations of dried microparticles within the hydrogel in the sol state. Microparticles
were mixed with concentrations of 2%, 5%, 10% and 15% (wt.%).

2.4. Rheological Characterization

The rheological characterization was performed with an Anton Paar MCR 501 rheome-
ter, with a plate/plate geometry of 50 mm of diameter (PP50) and a gap of 3 mm. This
gap size was chosen due to the size of the microparticles and to avoid confinement issues.
The high gap, however, did not give rise to any measurement problems indicated by the
software. All oscillatory regime tests were carried out within the linear viscoelastic region
of the hydrogel. The sol–gel transition was determined with temperature sweeps at a single
angular frequency (1 rad/s). The temperature sweeps were performed from 15 to 50 ◦C,
with 1 ◦C/min. Frequency sweeps were carried out within a range of 1 to 100 rad/s at 37 ◦C.
To understand the possibility of injectability, flow curves were carried out between 1 to
1000 s−1 at 21 ◦C (surgery room temperature [26]) following Cezar et al. [21]. Three replicas
were used for each measurement.
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2.5. In Vitro Degradation of Pluronic

To understand how the Pluronic hydrogel degrades within a PBS solution, Pluronic
solutions with an F127:F68 ratio of 17:3 were introduced in a recipient made from a dialysis
membrane. Then, the recipients were kept at 37 ◦C in the gel state. Finally, these recipients
were added to 50 mL PBS solutions with pH of 6.5 and pH 7.4 at 37 ◦C. At different times—
1 h, 3 h, 6 h, and 24 h—the recipients were taken out of the PBS and its content was analyzed
in the rheometer, with frequency sweeps. Four replicas were used for each measurement.

2.6. In Vitro Drug Release

To characterize the release profiles of the microparticle–hydrogel composite system
and the hydrogel alone, MB was encapsulated in microparticles according to our previous
work [25]. Microparticles were left for 4 days in a PBS (pH 7.4) solution with 290 µg/mL of
MB. After this, they were removed from the solution, washed, and dried.

The hydrogel with MB was prepared by mixing MB in the Pluronic solution in the sol
state. The used hydrogels had F127:F68 ratios of 17:3 and 16:4. Within a recipient made
from a permeable membrane, batches of microparticle–hydrogel composite systems were
introduced with 2 wt.% and 5 wt.% of microparticles. The amount of microparticles did not
change, being always 0.02 g of MB-loaded microparticles. To make the 2 wt.% and 5 wt.%
systems, the volume of the hydrogel was adapted.

The MB release from plain hydrogel was conducted by filling the recipient with 2 mL
of MB-loaded Pluronic (17:3) in the sol state. Then, the recipients with the membranes were
submerged in 10 mL of PBS solutions with pH 6.5 and pH 7.4. PBS solutions were kept
at 37 ◦C with orbital agitation. At regular periods (0, 0.25, 1, 3, 6, 24, 48, 72, 144, 192, 240
and 312 h), 2 mL of the PBS was retrieved and replaced with fresh PBS. The 2 mL was
then analyzed by UV-vis spectroscopy (PG Instruments Ltd., Lutterworth, UK) using a
calibration curve to determine the MB concentration at each time. Five replicas were used
for each measurement. With these results, different mathematical models were used to fit
the experimental data of the release profiles.

3. Results and Discussion
3.1. Sol–Gel Transition Temperature

Figure 1 depicts temperature sweeps in oscillation that give the transition temperatures
of different ratios of Pluronic F127:F68 in an aqueous solution (20 wt.%). Three regions
can be identified. The first region is the sol region, where the hydrogel is in the sol state,
where G′′ >> G′ with very low values of G′. This indicates that the system is in the
sol state with viscous behavior. This region stops with the sharp increase of G′ and G′′

at a specific temperature, that hereby we will designate Ti (initial temperature). In this
second region, micellization starts to occur, and a structure made from the interaction
of the micelles starts to appear. A structured form of the hydrogel is fully reached at a
temperature where both moduli reach a plateau, which we will designate Tp (temperature
plateau) [22,27], leading to the third region. This plateau indicated the formation of a stable
micellar structure independent of temperature within the studied ranges, where G′ > G′′

had values significantly higher than the moduli below Ti. These two temperatures sol–gel
indicate the sol–gel transition temperatures, where the Tp is the temperature at which the
transition fully occurs. Suman et al. [28] studied Pluronic F127 transition from the sol to the
gel and to an attractive glass state. Above the micellization temperature, the loose chains of
PEO-PPO-PEO start to join and form micelles, resulting in a phase where micelles and loose
chains coexist. With increasing temperature, the loose chains start to form micelles until a
point that there are almost no loose chains in the system. After the saturation of micelles,
they start to aggregate more, and a more favorable interaction between micelles begins,
leading to a structure formation. Depending on the concentration, the size of micelles
might increase; however, with more concentrated solutions, the loose chains form more
micelles, leading to faster structural formation. This structure leads to the formation of an
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attractive (due to the interactions between micelles) glass state. With higher temperatures,
the structure of the hydrogel collapses.

Figure 1. Elastic (G′) and viscous (G′′) moduli of different ratios of Pluronic F127 and F68, of a
Pluronic aqueous solution of 20% (wt.%) (left). The violet line represents 37 ◦C. On the (right), there
is an approximation of the region between 45 and 50 ◦C of the image on the left.

For this work, the ideal injectable system has the sol–gel transition temperature
between 25 ◦C and 37 ◦C. This allows the system to be in the sol phase at operating
room temperature [26] (around 21 ◦C) and the gel phase at body temperature (37 ◦C). The
transition temperatures increased with a decrease of F127 and with an increase of F68.
For example, with a Pluronic ratio of 20:0, the Tp was 23.62 ± 0.11 ◦C, while with a ratio
of 14:6, the Tp increased more than 20 ◦C, to a Tp of 45.81 ± 0.11 ◦C. This is due to the
decrease in F127 percentage and increase in F68 presence within the hydrogel. In this
hydrogel, F127 is the phase that has the highest concentration and is the one that micellizes.
Pluronic F68 does not form a micellized phase at these concentrations. In addition, Pluronic
F68 has a much higher gelation temperature than Pluronic F127 [22,29]. This is because
Pluronic F127 (PEO99PPO69PEO99) has more PPO content than F68 (PEO80PPO27PEO80).
The thermoresponsivity of Pluronic hydrogels is controlled by the PPO content [30]. With
increasing temperature PPO becomes hydrophobic. Thus, with more PPO moieties, the
transition temperature decreases. Decreasing the F127 concentration, there will be fewer
chains of the phase that can form the micellized structure. In addition, since F68 is a phase
that does not form micelles in these concentrations [31] and its chains will be between
the micelles of the F127, this can also delay the interactions between F127 micelles. Thus,
with the change in the ratio of these two Pluronic types, it is then possible to change the
transition temperatures to ranges that are suited for injectable systems. In this study, ratios
of 17:3 and 16:4 had their sol–gel transition temperatures within a range close to 37 ◦C.

3.2. Sol–Gel Transition of the Microparticle–Hydrogel Composite System

Figure 2 shows the effect of microparticles on the different Pluronic F127:F68 ratios. In
all Pluronic F127:F68 ratios, microparticle presence decreased the transition temperatures.
Increasing the microparticle concentration further decreased the transition temperature.
With 2% of microparticles, the hydrogel decreased the Tp between 0 and 1.81 ◦C, whilst
with 15% the Tp decreased between 6.7 (for a ratio 18:2) and 7.25 ◦C (for a ratio of 14:6).
This decrease might be explained by the swelling of the microparticles within the Pluronic
solution leading to Pluronic concentration increase [16,32]. In addition, changes in Ti may
have been due to the interaction of the carboxylic groups of alginate and gellan gum with
the ether groups of Pluronic. These interactions might prompt the formation of a gel
structure [16,33].



Fluids 2022, 7, 375 6 of 16

Figure 2. Elastic (G′) and viscous (G′′) moduli of different microparticle concentrations (in w/w%)
within Pluronic F127:F68 ratios of (a) 16:4; (b) 17:3; (c) 15:5; (d) 14:6; (e) 18:2. The violet dotted line
represents 37 ◦C.

In the sol state, the microparticles increased in both moduli. In all microparticle
concentrations, G′′ was significantly above G′, indicating viscous behavior of the sample.
From 5% to 15% of microparticles, G′ increased significantly, but remained below G′′, and
thus the introduction of microparticles gave a more elasticity to the sol state. The moduli
had a small slope with the temperature at their sol state, with the moduli increasing with
temperature. This might be due to the formation of some micelles within the solution.
When the hydrogel reached Ti, the moduli suddenly increased several orders of magnitude
until they reached Tp. Above Tp, the moduli stabilized in a plateau with the fully micellized
and ordered structure of the Pluronic. With the introduction of microparticles, the moduli
increased but G′′ remained over G′. Although G′′ > G′, the system maintained the gel struc-
ture. Within the studied range of frequencies, the same phenomenon was observed. This
unexpected phenomenon might be attributed to the interaction between the microparticles.
The introduction of the microparticles leads to a more structured system, hence the moduli
increase. G′′ increase to G′′ > G′ might be attributed to the increase in friction between
the particles. This friction leads to energy dissipation that contributes to G′′ [34,35]. This
is corroborated by the fact that with an increase in microparticles, there is an increase in
the distance between G′′ and G′, due to higher interaction between microparticles. This
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effect has been reported in previous studies that used similar rheological tests [35]. Figure 3
shows the Pluronic with a 17:3 ratio in the sol state at 21 ◦C (Figure 3a), in the gel state at
37 ◦C (Figure 3b) and in the gel state with the microparticles loaded (Figure 3c).

Figure 3. Images of Pluronic F127:F68 at 17:3 ratio: (a) 0 wt.% of microparticles at 21 ◦C, (b) 0 wt.%
microparticles at 37 ◦C and (c) 15 wt.% microparticles at 37 ◦C.

Figure 4 presents the variation of the transition temperatures with microparticle
concentration and Pluronic F127:F68 ratio. As was previously observed, the decrease in
F127 and increase in F68 led to higher transition temperatures. As is observed in Figure 3a,
the variation of the studied Pluronic F127:F68 ratios altered the transition temperature
more significantly than with the studied microparticle concentrations. Increasing the
microparticle concentration led to Tp and Ti decrease (Figure 3b,c, respectively). The
microparticles’ effect and the Pluronic ratio’s effect had no interaction. Regardless of the
Pluronic ratio, microparticles led to a constant decrease in Tp at a constant rate. Ti also
decreased almost linearly with microparticle presence.
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Mathematical Fittings of the Transition Temperatures

Mathematical fittings from the obtained transition temperatures (Figure 4b,c) were
done to understand the correlation between the concentration of the microparticles and the
sol–gel transition temperatures. A linear regression was performed on the obtained Tp and
Ti following Equation (1):

T = m · c + T0 (1)

T is the transition temperature, which is represented by Tp and Ti (◦C), m is the slope
of the linear regression, c is the microparticle concentration and T0 is the intercept, i.e., the
transition temperature of the Pluronic solution without microparticles. R2 is the adjusted
error. Linear regression was calculated for each ratio.

Table 1 displays the obtained parameters of the linear fits applied to the experimental
data. Regarding Tp, the Pluronic ratios did not influence the effect of the microparticle
concentration, since all slopes were similar. Regarding the fittings, all ratios had good
R2 except the ratio of 16:4, but still with a high value. For Ti, the obtained slopes were
not as similar between the Pluronic ratios as the slopes of Tp. The obtained R2 revealed
that the linear relationships are not as strong as in Tp. This might be associated with the
higher dispersibility attributed to the start of the micellization that was registered during
the rheological studies of Ti, as may be observed in Figure 3 (right). The obtained T0
were similar to the obtained transition temperatures of the ratios without microparticles
(0 w/w%), indicating a good model that describes the effect of microparticle concentration
on the transition temperatures.

Table 1. Linear regression of the obtained transition temperatures according to microparticle concen-
tration (wt.%). Left table for Tp and right table for Ti. m is the slope of the regression and T0 is the
intercept, i.e., the modeled temperature with 0 wt.%.

Tp

F127:F68 Ratio m (◦C/(wt.%)) T0 (◦C) R2

14:6 –0.4658 45.55 0.9799
15:5 –0.4762 42.66 0.9764
16:4 –0.4564 38.74 0.8805
17:3 –0.4668 35.38 0.9616

Ti

F127:F68 Ratio m (◦C/(wt.%)) T0 (◦C) R2

14:6 –0.5886 41.91 0.8804
15:5 –0.4182 38.16 0.8413
16:4 –0.4646 35.27 0.8341
17:3 –0.4900– 31.72 0.9900

T0R2 The fits revealed that the transition temperatures decreased with a linear ten-
dency with microparticle concentration (wt.%). The effect of the ratio of Pluronic F127/F68
is independent of the effect of the microparticle concentration. With this it is possible to
model the transition temperature with GG:Alg microparticles in Pluronic solutions, at
least within the studied range of microparticle concentrations and the studied range of
Pluronic F127/F68 ratios, so to determine the transition temperature to a certain micropar-
ticle concentration, there is only the need to know the transition temperature of the used
Pluronic ratio.

With these data, it is possible to determine the best ratio and microparticle concen-
tration that can be used in an injectable system. In Figure 3, lines that represent the body
temperature of 37 ◦C and the ambient temperature of 25 ◦C are depicted for visual aid.
For a system to be chosen, both the Ti and Tp need to be within the temperature gap of
25–37 ◦C. In Figure 3, the ratio of 17:3 is the ratio that meets these criteria with almost
all used concentrations, excluding the concentration of 15%. With the ratio of 16:4, the
microparticle concentrations of 5%, 10%, and 15% also meet the criteria. With a ratio of
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15:5 only with 15% of microparticles, it was possible to have a useful injectable system.
The ratio of 14:6 did not meet the criteria with any concentration. The ratio of 18:2 is not
represented in Figure 3. With 0 wt.%, this ratio began the transition at 25 ◦C and with the
introduction of microparticles further decreased the Ti, and thus it was not considered for
further studies.

The presence of microparticles within Pluronic leads to an interaction between car-
boxylic groups of the polysaccharides and the ether groups of Pluronic, promoting the
formation of a 3D structure. In addition, GG:Alg microparticles within the hydrogel might
absorb water, thus decreasing the water concentration of the hydrogel and increasing the
Pluronic concentration, especially the F127, which is the main contributor to the micellized
form. The increase in Pluronic concentration leads to a further decrease in the transition
temperatures. In a previous study [16], alginate particles within a Pluronic F127 were stud-
ied. The microparticles had a dried diameter of around 400 µm. Significant temperature
decreases were obtained with the introduction of the particles to the hydrogel. The decrease
of the transition temperatures with the introduction of microparticles within hydrogels has
been reported in previous studies [16,32,33,36].

3.3. Frequency Sweeps at 37 ◦C

The dependence of G′ and G′′ on the frequency of the microparticle–hydrogel system
at 37 ◦C is presented in Figure 5. Only the ratios of 16:4 and 17:3 were chosen, since they had
the most adequate transition temperatures with the microparticles. The results in Figure 5
are in accordance with Figure 4. At 37 ◦C, the ratio 16:4 with 0 and 2% of microparticles
were not fully in the gel state, as can be observed by the lower moduli. The remaining
concentrations had reached full gelation at 37 ◦C. Thus, with microparticle concentrations
of 5, 10 and 15 wt.% (for the ratio of 16:4) the systems have their moduli within similar
ranges. As observed earlier, in the temperature ramps, G′′ remains higher than G′, even at
the higher angular frequencies.
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With a ratio of 17:3, all systems had their sol–gel transition temperatures below 37 ◦C,
and thus all were completely in their gel state, despite the microparticles’ concentration,
with the moduli between 1000 and 10,000 Pa. As observed in the temperature ramps
(Figure 2), the increase in microparticle concentration within the system led to higher
moduli. However, G′′ had a higher increase than G′. As previously said, the introduction
of microparticles leads to an increase in rigidity, contributing to an increase in G′. The
friction between the particles might lead to the dissipation of energy, contributing to
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G′′ [34,35]. Zheng et al. [35] studied the combination of polylactic-co-glycolic acid (PLGA)
microparticles within a polypeptide hydrogel, and, in a dynamic temperature sweep, both
moduli increased to form a gel, but with G′′ > G′. Within the studied angular frequency
range, this phenomenon was maintained. With an increase in microparticle concentration,
the G′′ was further away from G′. Thus, this phenomenon is related to the microparticle
presence and not frequency. With higher particle concentration within the gap, there will
be more microparticle interactions that will further increase G′′ in comparison to G′, even
though the system is within the gel state.

At the gel state, the hydrogel is what is considered a soft gel, with G′ and G′′ parallel
to each other, with a low dependency on frequency. With the introduction of the particles,
the hydrogel can still be called a soft gel, since the moduli values increased and the low
dependence with frequency remained. Differently from most of the literature, the G′′

surpassed G′ with the introduction of the microparticles [37–39]. However, the systems
were still within the gel state, since there was no decrease in the moduli. With the selected
Pluronic ratios of F127:F68 of 16:4 and 17:3, at body temperature and for the majority of
microparticle content, the system is in its gel state. The exceptions are for the Pluronic ratio
16:4, with 0 and 2% of microparticles, which at 37 ◦C were not in the gel state.

3.4. Flow Curves at 21 ◦C

Flow curves at 21 ◦C were carried out to understand if the viscosity of the gels were
suitable for Pluronic-based injectable systems into the human body (Figure 6) [21]. Both
16:4 and 17:3 ratios without particles had a Newtonian behavior at 21 ◦C. The introduction
of microparticles increased the apparent viscosity of the system, maintaining a general
Newtonian behavior within the studied shear rate range. At 21 ◦C, both Pluronic ratios
were below the transition temperatures and thus both in the sol state. The introduction of
microparticles did not alter the Ti closer to 21 ◦C. The increase in viscosity with microparticle
concentration is related to the increase in elasticity of the system. This leads to a higher
resistance of flow with the applied shear rate. With 2% and 5%, the viscosity increased. For
higher concentrations, especially for 15%, the increase in viscosity was more noticeable.
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Below the transition temperature when the Pluronic solutions are within the sol state,
they have a Newtonian behavior since the micelles are not prominent within the system.
In previous studies with similar concentrations in Pluronic aqueous solutions, Newtonian
behavior was also obtained at lower temperatures [20,21]. Below the gelation temperature,
Pluronic systems do not exhibit any structural ordering, as observed by Shriky et al.
with Rheo SANS tests [40]. With an increase in temperature, micellar formation occurs,
leading to the formation of a structured system of Pluronic micelles and FCC and HC
structures [22,40].
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Tipa et al. [21] analyzed the injectability of similar Pluronic solutions (F127 and F68)
with nanoclays. The Pluronic solutions were viable to be injected even with the introduction
of the nanoclays. Similar viscosities were obtained with the GG:Alg microparticles within
the Pluronic solutions, around 0.1 Pa.s, similar to the systems with 2 wt.% and 5 wt.% of this
study, thus not jeopardizing the injectability of the GG:Alg microparticle–Pluronic system.

3.5. Degradation of Pluronic Hydrogels

To understand the degradation profile of Pluronic in the gel state, a solution with a
ratio of 17:3 in the gel state was kept within PBS solutions with pH 7.4 and pH 6.5 for
24 h. No significant differences were observed after the first hour (Figure 7). After 3 h, the
moduli had decreased but the systems were maintained within the gel state. However, with
time, the moduli continued to decrease. After 6 h, the gel had almost fully degraded into
the PBS solution, with only fragments of Pluronic gel dispersed within the PBS solution,
which did not interfere with rheological measurements. At 24 h, the Pluronic had fully
dissolved within the PBS solutions, with no fragments in the solution. There were no
observed differences between the degradation of Pluronic in pH 7.4 and pH 6.5. This is
because Pluronic does not have any ionizable groups within its structure [41], and thus pH
will not affect the Pluronic structure or degradation.

Figure 7. Frequency sweeps of Pluronic 17:3 ratio hydrogel submerged for different times in PBS
with pH 6.5 (left) and 7.4 (right) at 37 ◦C.

With these results, it is possible to understand that the Pluronic hydrogel degrades
in a matter of hours within a PBS solution, regardless of the pH (between 6.5 and 7.4).
This study aimed to understand how long the structured composite system in the gel
state endured within PBS and with different pH. The results suggest that the Pluronic
gels dissolved within the PBS solutions, with the pH not affecting the dissolution. The
amount of used PBS volume led to a fast dissolution of the Pluronic gel, reverting to the sol
state. In another study, Diniz et al. [42] analyzed the degradation of Pluronic F127 within a
cell culture medium (1:5 w/v): 500 µL of Pluronic within the gel state was put in contact
with 1 mL of cell culture medium. After 1 week, the hydrogel had fragmented into small
pieces, and 85% of the initial weight had disappeared in 2 weeks. The fragmentation of
the hydrogel also occurred in our degradation, though, at a much faster rate due to the
ratio between Pluronic and PBS solution. The in vivo environment differs from the in vitro
tests that were done. Heo et al. [43] studied PLGA microspheres within a Pluronic aqueous
solution (20 wt.%). The Pluronic hydrogel only disappeared after 6 days in vivo. With
the microparticles within the Pluronic, the hydrogel also disappeared after 7 days. This
shows that the Pluronic hydrogel is capable of withstanding more than some hours in vivo.
Our test demonstrated that there were no rheological differences between pH 6.5 and 7.4.
Further studies with similar conditions to the in vivo environment need to be carried out.
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3.6. In Vitro MB-Release Profiles

The MB-loaded hydrogel had fully released the MB by 6 h (Figure 8a). The complete
release from the hydrogel correlates with the hydrogel’s degradation in PBS. The hydrogel
had almost fully degraded by 6 h in PBS. In addition, similarly to the degradation trials,
the pH did not affect the release of MB due to the same reasons previously mentioned [41].
In Figure 8b, it can be observed that there are no significant differences between the release
profiles of microparticles alone and the microparticles embedded within the hydrogel
during the full-term release. Within the first six hours, when the hydrogel was still present
around the microparticles, the release profile was similar to the microparticles for the
16:4 ratio. However, with the 17:3 ratio, there was a slightly slower release profile (Figure 8b).
The used ratio of hydrogel affected the release profile during the first 6 h. Afterwards, no
differences between the 17:3 and 16:4 ratios were observed. Since the hydrogel dissolved
within 6 h, the release of MB after that is similar to that of the microparticles. The pH
affected the release from the microparticles, as was observed in our previous study [25].
The concentration of microparticle and, thus the amount of hydrogel that embedded the
microparticles did not affect microparticle release either, since there were no differences
between the 2% and 5% microparticle concentrations (Figure 8c). Thus, the addition of
Pluronic around the microparticles did not alter the release profiles from the microparticles
within the studied conditions.
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In previous studies [24], the release profiles of drug-loaded microparticles within
hydrogels revealed that the hydrogels had a delaying effect on the release profile. With
Dex-loaded PLGA microspheres in Pluronic, in vivo studies were reported in [43]. Pluronic
had a delaying effect on the initial burst release. Possibly due to the interaction between
Dex and the hydrogel. More release studies need to be done with similar conditions to
the in vivo environment to understand if the Pluronic hydrogel does not affect the GG:Alg
microparticles MB release. This system can also serve as a dual-drug-delivery system.
Zheng et al. [35] developed a polypetide hydrogel with combretastatin A-4 (CA-4) and
PLGA microspheres loaded with docetaxel (Dtx). Dual-release profiles were achieved,
where the CA-4 was first released from the hydrogel followed by the Dtx from the
microspheres, for a more synergetic treatment. In addition, as previously referenced,
Ma et al. [4] used dual-release systems using microparticle–hydrogel systems for sequential
drug delivery for skin treatments.

It was possible to develop a dual-release DDS that is able to rapidly release a first
drug contained within the hydrogel, followed by the release of a second drug with a more
sustainable release profile contained within the microparticles. It is then possible to adjust
this DDS for complex therapeutic systems that require this type of dual-release profile.

3.7. Mathematical Fittings

For mathematical model fitting of the MB-release profiles, a modified Korsmeyer–
Peppas (KP) model (Equation (2)) and a modified Peppas–Sahlin (PS) model (Equation (3))
were chosen. In the modified Korsmeyer–Peppas model, Qt is the drug concentration
released at each time (t), k is a structural factor, n is related to the release mechanism and
Tlag is the lag time before drug release [44]. Fickian diffusion occurs if n ≤ 0.43. In this
type of release, diffusion is the main process of the drug molecules passing to the release
medium. If n = 0.85, a case II transport occurs, in which the release is mainly controlled
by swelling and relaxation [45]. Anomalous transport, a mix of the previous ones, occurs
between the previous two (n ε [0.43, 0.85] ). With n > 0.85, super case II transport occurs.
With this last one, the release is affected by the mobility of the polymeric chains and by
erosion [45,46]. The modified Peppas–Sahlin model (PS) uses two constants, k1 and k2.
k1 correlates with the Fickian diffusion and k2 with case II transport [47]. The exponent m
can be associated with parameter n of the KP model [48]. Similar to the modified KP model,
Tlag is also accounted for. Table 2 presents the models’ parameters and adjusted R2 (R2

adj)
given by the DDSolver program.

Qt = k
(

t− Tlag

)n
(2)

Qt = k1

(
t− Tlag

)2m
+ k2

(
t− Tlag

)2m
(3)

Table 2. Parameters obtained from the drug-release fittings.

Batches (g)/pH 16:4 5% 17:3 5% 17:3 2% Microparticles
pH 6.5 pH 7.4 pH 6.5 pH 7.4 pH 6.5 pH 7.4 pH 6.5

KP Tlag

k 21.150 22.533 20.995 20.710 23.236 21.849 30.191
n 0.349 0.309 0.331 0.298 0.312 0.325 0.240

Tlag 1.938 2.923 3.868 3.896 3.959 2.957 2.957
R2adj 0.929 0.956 0.965 0.956 0.955 0.961 0.955

PS Tlag

k1 10.316 12.253 9.105 7.820 8.011 11.780 13.744
k2 –0.245 –0.389 –0.205 –0.178 –0.158 –0.345 –0.446
m 0.691 0.593 0.658 0.670 0.730 0.606 0.557

Tlag 0.835 1.746 2.330 1.791 1.872 1.894 0.893
R2adj 0.995 0.994 0.997 0.996 0.989 0.991 0.990
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Using the KP Tlag model and the SP Tlag model, good fits were obtained for the
microparticle–hydrogel system and for the microparticles alone. Higher values of R2

adj
were obtained with the PS Tlag model, indicating a better fit with this last model. With the
KP Tlag model, all values of parameter n were below 0.43, thus indicating a Fickian release.
However, with the PS model, parameter m values were above 0.43, thus having a mixed
contribution of a Fickian release profile and a case II transport profile. This occurred for
the system with and without hydrogel. However, with the PS model, the contribution of
k1 was significantly above k2, thus indicating a higher contribution from a Fickian release
profile than a case II transport.

The obtained parameters with the 17:3 ratio were smaller than with 16:4, possibly
related to the slower earlier release observed in Figure 8b. The pH did not affect MB release
from plain hydrogels, since no differences are observed in Table 2 and Figure 8. However,
the pH did affect the microparticle-release profile, as previously studied [25]. With the
KP Tlag model, the k value of microparticles alone (pH 6.5) was higher than k values with
the hydrogel. This might be associated with the initial burst release. The hydrogel delayed
the initial burst release, thus having a higher k value for the microparticles alone. This early
delay can be observed in Figure 8b.

The obtained profiles were similar to the ones obtained in the previous study, with
only the microparticles showing a predominately Fickian release profile. The hydrogel had
an effect on the early release of the microparticles but not during all the release time. This
is largely due to the fact that the hydrogel rapidly disintegrated within the PBS solutions.

4. Conclusions

This study aimed to develop a microparticle–hydrogel injectable DDS made of gellan
gum/alginate microparticles and Pluronic hydrogel. The most suitable ratios of Pluronic
F127 and F68 for different microparticle concentrations were found using rheological
characterization. The decrease in F127 and increase in F68 in an aqueous solution (total
polymer content of 20 wt.%) increased the sol–gel transition temperature. The introduction
of microparticles led to a decrease in sol–gel transition temperatures. The optimized system
with a 17:3 ratio with microparticles was found to be in the sol state at 21 ◦C and in the gel
state at 37 ◦C, ideal for injectable DDSs. At 37 ◦C, the microparticle presence, within the
scope of the studied concentrations, did not alter the modulus of the hydrogel. Here, we
developed a dual-release DDS that is able to deliver drugs at different stages of treatment.
The hydrogel released MB within hours, while microparticles had a more prolonged release
profile. This phenomenon is suitable for possible dual-release DDSs. The hydrogel affected
the release profile of the microparticles during the first release hours for the 17:3 ratio. More
studies need to be performed in conditions similar to the in vivo environment. Release
trials with more drugs will be performed to understand the release profiles of the systems.
Cytotoxic tests will also be performed to understand if the system presents toxicity. Release
trials and biodegradation trials with conditions more similar to the in vivo environment
will be carried out before proceeding to in vivo trials. With this study, a potential dual-
release system with rapid release followed by more controlled release was developed for
potential biomedical applications.
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