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Abstract: Cancer is a disease that continues to greatly impact our society. Developing new and more
personalized treatment options is crucial to decreasing the cancer burden. In this study, we combined
magnetic polysaccharide microparticles with a Pluronic thermoresponsive hydrogel to develop
a multifunctional, injectable drug delivery system (DDS) for magnetic hyperthermia applications.
Gellan gum and alginate microparticles were loaded with superparamagnetic iron oxide nanoparticles
(SPIONs) with and without coating. The magnetic microparticles’ registered temperature increases
up to 4 ◦C upon the application of an alternating magnetic field. These magnetic microparticles were
mixed with drug-loaded microparticles, and, subsequently, this mixture was embedded within a
Pluronic thermoresponsive hydrogel that is capable of being in the gel state at 37 ◦C. The proposed
DDS was capable of slowly releasing methylene blue, used as a model drug, for up to 9 days.
The developed hydrogel/microparticle system had a smaller rate of drug release compared with
microparticles alone. This system proved to be a potential thermoresponsive DDS suitable for
magnetic hyperthermia applications, thus enabling a synergistic treatment for cancer.

Keywords: hydrogels; Pluronic; microparticles; rheology

1. Introduction

Cancer is still one of the deadliest diseases that affect humankind. Many types of
therapies can be performed to treat cancer, such as immunotherapy, radiation therapy,
hormone therapy, hyperthermia, and chemotherapy. Chemotherapy has many severe
side effects that decrease the patient’s quality of life [1,2]. In situ drug delivery systems
(DDSs) that can be placed in tumor areas (pre- or post-tumor removal surgery) might be a
possible innovative treatment option [3,4]. A DDS that can be inserted in a tumorous area
and progressively release necessary bioactive agents that can treat and/or even prevent
cancer reoccurrence is a possibility that needs to be explored [4]. Hydrogels are good
candidates for injectable in situ DDSs [5–8]. They can be composed of multiple types of
polymers, including biocompatible and biodegradable ones. Hydrogels can be stimuli-
responsive, where they can change their properties and behavior in response to external
stimuli, including temperature, which are known as thermoresponsive hydrogels [9]. These
have been used as injectable systems in the human body since they can form a stable matrix
in vivo, serve as transport for bioactive agents, and also have the advantage of adjusting
their shape to the injected area [10]. One viable option to control the release profile from
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a hydrogel’s DDS is using polymeric microparticles that can be embedded within the
structure of a thermoresponsive hydrogel to regulate and prolong the release profile of the
system for one or multiple drugs [10–13].

To improve cancer treatments, magnetic nanoparticles (mNPs) can also be used in
DDSs, for example, as carriers of therapeutic agents or combined with polymeric micropar-
ticles using them as carriers [14–16]. Magnetic nanoparticles can be sensitive to alternating
magnetic fields (AMFs), for example, superparamagnetic iron oxide nanoparticles (SPI-
ONs). With the application of an AMF, mNPs are capable of increasing the temperature to
ranges that lead to the apoptosis of tumorous cells (from around 41 ◦C to 46 ◦C) [17]. These
can also be used as contrast agents in magnetic resonance imaging [18]. The combination
of mNPs and polymeric structures has been conducted in previous studies [16,19]. Matos
et al. [20] combined mNPs with nanofibrous membranes of cellulose acetate produced by
an electrospinning technique. These membranes were able to increase the surrounding
temperature upon the application of an AMF and exhibited no significant cytotoxicity.
Regarding the encapsulation/adsorption of mNPs into polymeric microparticles, Alpdemir
et al. [21] developed alginate microparticles with mNPs for sorafenib release in cancer
treatments. The mNPs conferred hyperthermic capabilities to the polymeric microparticles,
leading to an increase in temperature of 4 ◦C. Xue et al. [22] encapsulated mNPs within
alginate–chitosan microspheres for doxorubicin (DOX) release in breast cancer treatments,
where the application of a remote AMF affected the DOX release, enabling the regulation
of release profiles.

For a more controlled drug release, thermoresponsive hydrogels can be used for
transportation and as a protective barrier that can delay the drug release from drug-loaded
microparticles [10]. In our previous work [23], we developed an injectable DDS composed
of alginate/gellan gum microparticles within a Pluronic thermoresponsive hydrogel. The
combination of mNPs and a similar microparticle/hydrogel system can be used as a
possible injectable system for drug release and magnetic hyperthermia applications in
possible cancer treatments. Previous work focused on the combination of Pluronic and
SPIONs [24]. Other work focused on the combination of mNPs with microparticles [25,26],
but the inclusion of microparticles and SPIONs into a thermoresponsive hydrogel for a
DDS has, as far as we know, not been studied.

In this work, we developed polymeric microparticles with superparamagnetic iron
oxide nanoparticles (SPIONs) and then included them in a multifunctional DDS composed
of a microparticle/hydrogel injectable system. We aimed to confer hyperthermic capabili-
ties to this system by adsorbing SPIONs onto the microparticles’ surface and then using
them in the injectable DDS. Thus, in this study, we developed microparticles loaded with
SPIONs and microparticles that were loaded with a model drug (methylene blue (MB) [27])
separately and then combined the two batches. The two batches were mixed in a 1:1 ratio.
This can be useful to alter drug and mNP quantities in future studies by altering this ratio.
We used bare SPIONs and SPIONs coated with 3-aminopropyl triethoxylsilane (SPIAPTS).
With this study, we developed a novel DDS that combines magnetic microparticles with
thermoresponsive hydrogels and has the potential for magnetic hyperthermia applications,
which makes it a potential candidate for future synergistic cancer treatments.

2. Results and Discussion
2.1. Introduction of mNPs to GG:Alg Microparticles

Figure 1a,b depict a TEM analysis of mNPs. Using these images, it was found that the
average size of the iron core of the SPIONs was 8.59 ± 2.03 nm (Figure 1c). For SPIAPTS,
the diameter was 7.55 ± 1.37 nm (Figure 1d). A difference between the average and the
d(0.5) was noticed; however, they were close in both types of nanoparticles. For the two
types of nanoparticles, a one-way ANOVA revealed a statistically significant difference
(F(1, 370) = [32.17], p = 2.86× 10−8). The smaller diameters obtained for the SPIAPTS might
be related to the smaller aggregation that the APTES coating confers, thus allowing for a
better view of the nanoparticles in TEM.
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Figure 1. TEM analysis of (a) SPIONs and (b) SPIAPTS and their respective distribution in (c,d).

2.2. Magnetic GG:Alg Microparticle Characterization

The introduction of magnetic nanoparticles to GG:Alg microparticles was performed
by adsorption, where the microparticles were submerged in aqueous suspensions contain-
ing mNPs at different concentrations. The microparticles without mNPs had a diameter
of 150–200 µm [23,27]. Within the mNP suspensions, the microparticles swelled, and the
nanoparticles settled onto the particles’ surface. Higher adsorption efficiencies and ad-
sorption capacities were achieved with an mNP suspension concentration of 5 mg/mL
(Figure 2). The functionalization of SPIONs with APTES did not appear to affect the adsorp-
tion efficiency. Since submersion in suspensions of 5 mg/mL resulted in higher adsorption
efficiencies, for the rest of the study, the default suspension to produce GG:Alg with mNPs
will be 5 mg/mL.

Figure 3a,b show SEM analyses of microparticles loaded with SPIONs. Their surface
exhibited some agglomerations of the nanoparticles. With EDX, it is possible to see the
distribution of iron throughout the surface of the microparticles. As can be observed in the
image, iron is distributed throughout the surface of the microparticles, with higher contents
of iron detected in certain zones on the surface, probably caused by nanoparticle clusters.
The size of the GG:Alg microparticles was found to be unaltered after the adsorption of
the nanoparticles (150–200 µm), as can be observed in Figure 3c,d. The APTES coating
appeared to have no effect on the SPION distribution on the surface of the microparticles.
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Figure 3. SEM analysis (a) and EDX analysis (b) of the surface of a microparticle loaded with SPIONs.
In Figure (b), the reddish zones depict the presence of iron, and the green zones represent the presence
of calcium. Microscopy analysis of (c) microparticles loaded with SPIONs and (d) microparticles
loaded with SPIAPTS.

Microparticles with and without mNPs (SPIONs and SPIAPTS) were analyzed by TGA
to determine their thermal stability and the effect of SPION adsorption. In all analyzed
samples (Figure 4a), the first thermal event occurred at around 70 ◦C, characterized by a
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slight decrease in mass. This was associated with a loss of water from the microparticles.
At around 230 ◦C, all samples had a significant mass loss. This was attributed to the depoly-
merization of gellan gum and alginate [28–31]. Subsequently, there was a steadier decline
in mass percentage up to 800 ◦C. The microparticles containing adsorbed nanoparticles
exhibited less weight loss than the microparticles without nanoparticles. This is due to the
fact that the inorganic part of the nanoparticles does not degrade at the tested temperature
since they are inorganic [32]. The microparticles that were submerged in a suspension of
5 mg/mL of the mNPs exhibited lower weight loss than the ones that were submerged
in suspensions of 2.5 and 1 mg/mL of the mNPs. This was correlated with the loading
capacity of the microparticles (Figure 2b), where higher mNP loadings were obtained at
5 mg/mL, hence the lower weight loss. It was also observed that the microparticles loaded
with SPIAPTS had a slightly lower mass loss in all concentrations, possibly associated with
the silane coating that did not degrade.
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Figure 4. (a) Thermal gravimetry analysis of GG:Alg microparticles with and without mNPs with
different concentrations; (b) Fourier-transform infrared spectroscopy of the microparticles with and
without mNPs (SPIONs and SPIAPTS made with 5 mg/mL); (c) DRX of microparticle-loaded mNPs
(SPIONs and SPIAPTS made with 5 mg/mL).

Regarding the FTIR results (Figure 4b), the GG:Alg microparticles without mNPs
present bands around 3400 cm−1 and 3100 cm−1, attributed to the O–H groups and the
–C–H stretching of gellan gum, respectively [33]. At 1598 cm−1, the band was attributed to
–COO stretching (asymmetric), followed by –COOH stretching at 1417 cm−1 (symmetric)
and C–O–C stretching at 1023 cm−1 of alginate [34]. The band of O–H stretching vibra-
tion modes at 1630 cm−1 might be overlapped with the –COO stretching band of gellan
gum. The bands of the microparticles with SPIONs and SPIAPTS, made in suspensions of
5 mg/mL, were very similar to those of the microparticles without mNPs, except in the
700–500 cm−1 region in the band at 560 cm−1, which is attributed to the Fe–O stretching
vibration mode. Microparticles submerged in suspensions of 5 mg/mL were analyzed
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since higher adsorption capacities were registered, thus more mNPs were adsorbed onto
the GG:Alg surface. Regarding SPIAPTS, the bands around 1100 cm−1 and 800 cm−1 can
be attributed to Si–O–Si and Si–O stretching vibrations, thus confirming the link between
the hydroxyl group at the mNP surfaces and the alkoxysilane moieties [35,36].

XRD analysis (Figure 4c) confirms the presence of mNPs within the GG:Alg microparti-
cles made in suspensions of 5 mg/mL. The magnetite peaks exhibit peaks at 2θ at 30.1, 35.5,
42.6, 53.6, 57.0, and 62.8, which can be assigned to diffraction of the (220), (311), (400), (422),
(511), and (440) planes, respectively [37]. This is corroborated by Khalkhali et al. [38], who
also registered multiple peaks for the naked SPIONs at 2θ = 18.25◦ (1 1 1), 30.06◦ (2 2 0),
35.63◦ (3 1 1), 43.48◦ (4 0 0), 53.78◦ (4 2 2), 57.33◦ (5 1 1), and 63.11◦ (4 4 0) peaks (with
associated planes in brackets). For the two types of microparticles loaded with SPIONs
and SPIAPTS, peaks at 30◦ (2 2 0), 35.5◦ (3 1 1), 57◦ (5 1 1), and 62.5◦ (4 4 0) were ob-
tained, typical of iron oxide nanoparticles [38]. A peak with a significant width appeared
at around 21◦, which might have conflicted with the significant peak at 18.25◦ (1 1 1) of
SPIONs [38]. This peak was attributed to alginate and gellan gum, and even though they
have an amorphous structure, they affect the intensity and peaks in an XRD analysis, as
shown by Mun et al. [39].

2.3. Swelling and Degradation Tests

Microparticles with and without mNPs (microparticles submerged in suspensions of
5 mg/mL of mNPs) were submerged in PBS pH 6.5 (pH of tumor microenvironments),
and their swelling was evaluated. All swelling indexes were similar at the end of 3 days,
without significant differences caused by the mNPs (Figure 5a). Similarly, the presence
of APTES at the surface of the SPIONs did not affect the microparticles’ swelling. After
3 days of swelling assays, the concentration of the mNPs in the PBS solution was measured
to evaluate the number of mNPs released from the microparticles during the swelling. In
PBS pH 6.5, after 3 days, GG:Alg/SPIONs had released 6.57 ±0.58 wt.% of SPIONs, and
GG:Alg/SPIAPTS released 6.24 ± 1.27 wt.% of SPIAPTS into the PBS solution. Therefore,
the percentage in weight of mNPs released after swelling was similar for both non-coated
and coated mNPs. Regarding degradation in PBS pH 6.5, the microparticles with mNPs
appeared to have greater mass loss than the microparticles without mNPs (Figure 5b).
We attribute this to the conjugation between the degradation of the gellan gum/alginate
structure and the release of mNPs from the microparticles; thus, a greater mass loss
was observed.
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2.4. Cytotoxicity Assays

For the cytotoxicity assays, the ISO standard 10993-5:2009 [40] was followed using
Vero cells with the extract method. Figure 6 shows that, regarding cellular viability, the
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GG:Alg microparticles without mNPs had no cytotoxicity. Likewise, the microparticles
with SPIONs did not present cytotoxicity, and the different amounts of SPIONs within the
microparticles did not affect cellular viability. Similarly, the microparticles with SPIAPTS
were not cytotoxic, although they presented slightly lower cellular viability compared to
the others. Other studies also studied the effect that polysaccharide microparticles with
iron oxide nanoparticles had on different types of cells. Alpdemir et al. [21] found that
alginate microparticles with SPIONs also had no negative effects on HEPG2 liver cancer
and L929 fibroblast cell lines. However, in their study, they dispersed SPIONs in a pre-
crosslinked alginate solution with an initial concentration of 5 mg/mL of the SPIONs in the
alginate solution. In this study, the mNPs were adsorbed to the microparticles after their
crosslinking in CaCl2.
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Before conjugating the GG:Alg microparticles with and without mNPs into a ther-
moresponsive hydrogel, it is fundamental to understand if they have a benign or harmful
impact on the surrounding cells. Thus, cytotoxicity assays were performed, which are
displayed in Figure 6. No cytotoxicity was found for the microparticles with and without
mNPs. Magnetic microparticles submerged in suspensions with different concentrations
of mNPs were tested and showed no significant differences between them. Although
viable, the microparticles with SPIAPTS had lower cell viability than the ones with SPIONs.
Cytotoxicity depends on many factors, such as the type of cell and the type of coating. For
example, Alpdemir et al. [21] found that alginate microparticles containing SPIONs had no
negative effects on L929 fibroblast and HEPG2 liver cancer cell lines. t-tests were performed,
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comparing each sample to a control. No significant differences were found, only with a
degree of confidence of 95%, with the exception of the SPIAPTS at 2.5 mg/mL (t(2) = 0.55,
p = 0.04). This significant difference did not alter the previously mentioned conclusions.

In our study, with the assurance that the microparticles loaded with mNPs were
non-cytotoxic, we proceeded to incorporate them within the Pluronic system mixed with
methylene blue (MB)-loaded microparticles. In future studies, cytotoxicity assays will be
performed using cancer lines, for example, breast cancer cell lines [41].

No cytotoxicity assays were performed on the Pluronic hydrogel containing micropar-
ticles. In this study, the Pluronic hydrogel was not crosslinked, and hydrogel formation
is dependent on concentration and temperature. Pluronic F127 is approved by the Food
and Drug Administration (FDA) of the United States of America [42]. For example, for
dental pump stem cells, Pluronic F127 was found to be non-cytotoxic [43]. Regarding
breast cancer cells, in triple-negative epithelial breast cancer cell lines, a Pluronic-based
hydrogel combined with hyaluronic acid was found to be non-cytotoxic [44], and only with
the introduction of nanoparticles did the cytotoxicity increase. Another possibility is the
mixture of Pluronic F127 and chitosan with tripolyphosphate crosslinking, as performed by
García Couce et al. [45]. The addition of chitosan increased the gel time compared to the
gel alone.

2.5. Development of a Thermoresponsive Hydrogel with Magnetic Microparticles

The optimized GG:Alg microparticles with SPIONs and APTES were mixed with plain
GG:Alg microparticles at a ratio of 1:1 (wt.%). This system was analyzed via rheological and
magnetic hyperthermia tests. For the release tests, plain microparticles were loaded with
MB, as was previously stated. In a previous study [23], different mixtures of Pluronic F127
and Pluronic F68 were analyzed with different concentrations of GG:Alg microparticles.
The system must be able to be injectable at 20 ◦C (operating room temperature) and be in
the gel phase at 37 ◦C. It was found that a Pluronic mixture with 17 wt.% of Pluronic F27
and 3 wt.% of Pluronic F68 with 2 and 5 wt.% concentrations of GG:Alg microparticles
meets the desired criteria. In this present study, we used a Pluronic aqueous solution with
17 wt.%:3 wt.% of F127:F68 and 2 and 5 wt.% of GG:Alg microparticles, where half were
loaded with MB and the other with mNPs.

2.5.1. Rheological Tests

All systems had viscous behavior at a lower temperature since the Pluronic was in
the sol state, with G′′ > G′ (Figure 7a). With a temperature increase, a sol-gel transition oc-
curred due to micellization of the PEO-PPO-PEO structure, typical of Pluronic systems [46].
The Pluronic system without microparticles had a sol-gel transition at 32–34 ◦C. With the
addition of the microparticles at 5 w/v%, the transition temperature of the microparti-
cle/Pluronic system decreased to around 29–32 ◦C. The transition temperature was not
affected by the presence of mNPs (coated or not). At a 2 w/v% concentration of microparti-
cles with mNPs, there was no significant sol-gel temperature decrease. All systems were
in the sol state at 21 ◦C and in the gel state at 37 ◦C. The decrease in sol-gel temperature
might be attributed to the absorption of water from the microparticles, increasing the
Pluronic concentration and leading to a decrease in the sol-gel temperature. These results
are in agreement with our previous study with similar microparticles and similar Pluronic
hydrogels [23]. With similar microparticle concentrations (2 and 5 w/v%) but without the
adsorbed mNPs, similar transition temperatures were obtained. In this study, we observed
that the mNPs did not alter the sol-gel transition. Different microparticle concentrations
can be used to maintain the injectability of the system by altering the Pluronic F127:F68
ratio [23].
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Figure 7. (a) Temperature ramp in oscillation for Pluronic systems (F127:F68—17:3) with and without
microparticles. The samples with just GG:Alg refer to samples without mNPs, and the samples with
GG:Alg/SPIONs and GG:Alg/SPIAPTS refer to systems with mNPs (a ratio of 1:1 of GG:Alg and
GG:Alg/mNPs); (b) frequency sweep tests at 37 ◦C for similar systems (with 5 w/v% of microparticles
with and without mNPs); (c) tg(δ) of the analyzed systems in (b), where a line on 0.2 was put to mark
the threshold between soft gel and non-soft gel; (d) flow curves at 21 ◦C of a similar system with
5 w/v% of microparticles within the Pluronic with and without mNPs).

Regarding frequency sweeps at 37◦ (Figure 7b), all analyzed systems were in the
gel state, with G′ > G′′ with a positive slope with frequency. The presence of SPIONs
and SPIAPTS affected the G′ and G′′. Analyzing the tg(δ) (G′′/G′) (Figure 7c), it was
observed that, along the studied angular frequencies, at 37 ◦C, the Pluronic system with
microparticles (with and without mNPs) had values of tg(δ) between 0.7 and 0.8. These
values reveal that the gel had high values of G′′, although G′ was predominant. This
indicates that the Pluronic system with microparticles at 37 ◦C was a weak gel with a weak
elastic structure [47].

An increase in the moduli was detected with the introduction of mNPs, with the
microparticles with SPIAPTS having the higher moduli. Microparticles within the Pluronic
solution might act as reinforcements, leading to an increase in the resistance to the flow
of the system [48]. Other interactions between the mNPs and Pluronic can also be at play.
Previous studies used Pluronic F127 to functionalize iron oxide mNPs, but with previous
coating agents such as oleic acid, where the hydrophobic PPO block interacted with the
oleic coating of the SPIONs [24]. For example, Jain et al. [49] in FTIR studies in systems
with SPIONs with and without oleic acid coating and with Pluronic showed that without
oleic acid, no interaction occurred with Pluronic. While, with the oleic layer, bonding was
observed in the FTIR spectra. The increased viscosity that was observed with SPIAPTS
might be an interaction between the hydrophilic portions of Pluronic and the amine groups
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of the APTES coating; however, further studies need to be performed to understand if there
are interactions between the SPIAPTS coating and the Pluronic micelles.

Regarding flow curves, at 21 ◦C, at a 5 w/v% concentration of the microparticles,
they exhibited viscosities between 0.1 and 1 Pa·s (Figure 7d), with a slight shear-thinning
behavior. However, an increase in viscosity occurred with the introduction of nanoparticles,
which was more evident with the system with SPIAPTS. The same argument used for the
increase in moduli is used here [48]. In the future, injectability studies will be performed [50].
In previous studies, Pluronic F127 and F68 were shown to be capable of being injected
with force values within the standard ranges [50]. It is expected that the addition of
microparticles alters the force, but within acceptable limits.

Figure 8 shows images of the proposed system with 2 w/v% of microparticles. The
system is in the sol state at 21 ◦C (Figure 8a) and in the gel state at 37 ◦C (Figure 8b)
according to the obtained moduli in Figure 7a.
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2.5.2. Magnetic Hyperthermia Tests

Figure 9 depicts the temperature variation of the systems with mNPs upon the appli-
cation of an AMF. The SPION aqueous suspension had a higher temperature variation than
the SPIAPTS aqueous suspension. This has been observed in previous studies [36], and it
is attributed to the presence of the coating agent, where the presence of the non-magnetic
APTES moieties on the mNPs’ surface can suppress the mNP relaxation mechanisms that
produce heat [51]. The nanoparticles within the suspension had a higher temperature vari-
ation than the nanoparticles within the microparticles. This was attributed to the restriction
of Brownian movements since the nanoparticles were immobilized at the surface of the
microparticles, and the temperature increase only occurred due to Néel relaxation with
the application of the AMF [52]. However, the GG:Alg microparticles with mNPs had an
increase in temperature from 3 to 4 ◦C. Magnetic hyperthermia therapy needs to increase
the tumor area temperature up to a range of 42 ◦C to 46 ◦C to cause apoptosis of the tumor
cells [53]. These temperature variations are suitable for possible hyperthermic treatments.
However, it is possible to alter the temperature variation of the systems by altering the
concentration of mNPs in the system [20].
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With the introduction of the microparticles with mNPs to the Pluronic solution and
gelation at 37 ◦C, no temperature increase was detected. This reduced hyperthermic
response has been registered in similar magnetic gels that restrain both Brownian and
Néel movements and, consequently, reduce the temperature increase [54,55]. Although
the mNPs generated no heat within the hydrogel in the gel state, they did produce heat
without the hydrogel. Within the body, the Pluronic hydrogel will dissolve first, leaving the
nanoparticles free of the gelated structure of the hydrogel. In our previous study, similar
Pluronic hydrogels within PBS solutions disappeared in hours [23], while in this study,
in PBS solutions, the microparticles with the mNPs lasted for over 60 days (Figure 5b).
Heo et al. [55] studied dexamethasone-loaded microparticles within a Pluronic hydrogel. In
in vivo trials, the Pluronic hydrogel disappeared within 6 days, leaving the microparticles
exposed to the in vivo environment for longer periods. Thus, the proposed system allows
for earlier drug release, followed by the possibility of magnetic hyperthermia. Table 1
presents the SAR values. The values follow the trend from the temperature variation,
where a higher SAR was obtained from the free-nanoparticle suspension, with the SPION
suspension having a higher energy absorption rate.

Table 1. SAR values of samples from Figure 9.

Sample SAR (W/g)

SPION suspension 21.04 ± 0.51

SPIAPTS suspension 8.34 ± 0.36

GG:Alg/SPIONs 4.14 ± 0.70

GG:Alg/SPIAPTS 6.02 ± 1.03

2.5.3. Methylene Blue Release Assays

With regard to the MB release profiles, the systems with MB-loaded microparticles
within the Pluronic F127:F68 (17:3) aqueous solutions with and without magnetic micropar-
ticles were analyzed (Figure 10). All systems had an earlier fast release, followed by a
stabilization of the release rate. The systems without magnetic microparticles had higher
quantities of released MB than the systems with magnetic microparticles. Since the mi-
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croparticles with mNPs were not loaded with MB, they may have absorbed part of the
released MB from the other microparticles, thereby delaying the release of MB. The systems
with both types of microparticles had an earlier, faster release, followed by a stabilization
phase with lower quantities of released MB than the systems with just one type of micropar-
ticle. Afterwards, the MB release continued to increase until it reached values similar to the
ones obtained with just one type of microparticle. This might be attributed to a stabilization
of the absorbed and released quantities of MB between the two types of microparticles,
leading to more similar values to the system with just MB-loaded microparticles.
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Figure 10. Release profiles of GG:Alg microparticles loaded with MB within a Pluronic hydrogel and
with GG:Alg microparticles loaded with mNPs (the ratio of microparticles with MB and microparticles
with mNPs is 1:1).

Comparing the systems with mNPs, there were no significant differences between the
released MB quantities from the systems at pH 6.5 and pH 7.4. However, with SPIAPTS,
the system at pH 6.5 had a lower MB release amount than the one at pH 7.4. Moreover,
the release profile with SPIAPTS at pH 7.4 had a higher released quantity of MB than the
ones with SPIONs, and the release profile at pH 6.5 had lower quantities of MB released.
In previous work with a similar system [23], the pH did not significantly affect the release
profile, similar to the systems with just SPIONs.

Mathematical modeling of the experimental data was carried out using the KP and
PS models with Tlag to adjust to the swelling systems since these microparticles swelled
(Table 2). Both models had good fittings with the obtained results, with all adjusted
R2 > 0.95. In both models and the different release systems, all systems followed a Fickian
release profile, with n≤ 0.43 with the KP-Tlag model and k1 >> |k2| with the PS-Tlag model.
In our previous work [23], with similar microparticles without mNPs and a hydrogel,
the same release profile was obtained. This reveals that the addition of mNPs to the
microparticle/hydrogel system does not alter the type of release profile of MB from the
GG:Alg microparticles.
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Table 2. Parameters obtained from drug-release mathematical fittings of the MB-loaded microparticles
within the Pluronic system. The R2

adj values that compare the experimental and theoretical values
are also presented.

GG:Alg GG:Alg/SPIONs GG:Alg/SPIAPTS

6.5 7.4 6.5 7.4 6.4 7.4

KP-Tlag

k 33.76 36.39 15.78 15.89 8.81 27.78
n 0.21 0.20 0.34 0.33 0.43 0.25

Tlag 4.98 4.89 3.72 5.31 3.44 5.73
R2

adj 0.97 0.96 0.98 0.99 0.97 0.99

S-Tlag

k1 14.50 13.71 14.16 11.22 7.51 9.68
k2 −0.51 −0.45 −0.46 −0.26 −0.05 −0.24
m 0.53 0.54 0.42 0.45 0.49 0.57

Tlag 2.91 1.95 2.75 4.12 3.14 3.62
R2

adj 0.99 0.99 0.98 0.99 0.97 0.99

The effect of the mNPs on the release profile was assessed; however, the release profile
of the microparticle/hydrogel system with the application of an AMF was not tested. How-
ever, in previous works, the application of an AMF led to a faster release of loaded drugs
from microparticles with mNPs. Finotelli et al. [19] developed alginate/chitosan beads
containing magnetite nanoparticles for insulin release. The application of the magnetic
field increased the release profile three-fold. In another study, Xue et al. [22] produced
DOX-loaded magnetic alginate–chitosan microspheres with SPIONs. The application of an
alternating magnetic field also promoted a more pronounced release of DOX. With this, we
suppose that a similar effect might occur in the hydrogel’s presence or when it dissolves.
However, this hypothesis needs to be studied in future works.

3. Conclusions

The objective of this study was to develop an injectable thermoresponsive DDS with
potential applications in future cancer treatments through a synergistic combination with
magnetic hyperthermia. We successfully loaded mNPs onto polymeric microparticles and
observed that the APTES coating on SPIONs did not affect the adsorption of mNPs onto
the surface of the microparticles. The magnetic microparticles were capable of increasing
the surrounding temperature upon exposure to an external AMF, with SPIONs increasing
the temperature by 3 ◦C and SPIAPTS by 4 ◦C. The microparticles alone were found to be
non-cytotoxic to Vero cell lines, and the addition of mNPs did not alter this finding. Never-
theless, the incorporation of magnetic microparticles into a Pluronic hydrogel did not show
any temperature increase upon AMF application. Therefore, the designed system can be
used for sequential treatments in two phases: burst release in the first hours after injection
caused by hydrogel disaggregation, followed by slower drug release from drug-loaded mi-
croparticles combined with magnetic hyperthermia supported by magnetic microparticles.
Since drug-loaded and magnetic microparticles are independent, the amount of drug and
mNPs can be tailored to achieve the best synergistic cancer treatment.

4. Materials and Methods

All the chemical reagents used in this research work were of analytical grade and
used without further purification. Pluronic F127, Pluronic F68, and high-acyl gellan gum
(Phytagel) were purchased from Sigma Aldrich (St. Louis, MO, USA). Alginic acid sodium
salt was purchased from BioChemica (Panreac Química SLU, Barcelona, Spain). Methylene
blue (MB), in powder form, was purchased from Alfa Aesar (Haverhill, MA, USA), and
calcium chloride was purchased from Carl Roth (Karlsruhe, Germany). For the mNPs, iron
(III) chloride hexahydrate was purchased from Fluka (Seelze near Hannove, Germany), and
iron (II) chloride tetrahydrate was purchased from ThermoFisher (Waltham, Germany). For
the 3-aminopropyl triethoxylsilane (APTES) coating, ammonia (25%) was purchased from
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VWR International (Radnor, PA, USA), and 3-(Triethoxysiliyl)-propylamine was purchased
from Sigma Aldrich.

4.1. Nanoparticle and Microparticle Production

The microparticles were produced from gellan gum and alginate (GG:Alg). These
were produced using a coaxial airflow technique, where a mixture of polysaccharides
was extruded into a CaCl2 bath with the aid of a parallel airflow. An aqueous solution of
2 w/w% GG:Alg (1:1 ratio) was used with an airflow of 5 L/min, a pump flow of 5 mL/h,
and a nozzle-bath height of 15 cm. These parameters were established following previous
work from our group [23,27]. Then, the GG:Alg microparticles were freeze-dried (Freeze
Dryer—Zirbus VaCo 2 (Harz, Germany)). The dried microparticles presented a diameter
between 150 and 200 µm [23].

Superparamagnetic iron oxide nanoparticles (SPIONs) were produced using a previ-
ously described co-precipitation technique [56,57]. A part of these SPIONs was conjugated
with APTES, which is an aminosilane coupling agent that is used to coat the surface of
nanoparticles, following a previously described method [35]. Batches with non-coated
nanoparticles are referred to as SPIONs, and batches with coated nanoparticles with APTES
are referred to as SPIAPTS. Both types of nanoparticles are also addressed as mNPs.

Another aim of this study was to load the GG:Alg microparticles with the nanoparti-
cles to produce magnetic GG:Alg microparticles. SPIONs were loaded into the micropar-
ticles by swelling the GG:Alg microparticles within SPION/SPIAPTS suspensions via
adsorption [20]. Freeze-dried GG:Alg microparticles were submerged in mNP suspensions
with different concentrations (1, 2.5, and 5 mg/mL) for 4 days (allowing the maximum
swelling of the microparticles) at 37 ◦C in an orbital shaker. Afterwards, the microparticles
were washed for 5 min 3 times with ultrapure water to remove excess unbounded mNPs
and freeze-dried.

For the drug release assays, GG:Alg microparticles without SPIONs were loaded with
methylene blue (MB), according to previous work [10]. In a PBS solution with pH 7.4 and
300 µg/mL of MB, the microparticles were submerged for 4 days to absorb the MB, with an
encapsulation efficiency of 77.83 (±0.56)% [10]. Then, they were washed with ultrapure
water, filtrated, and freeze-dried.

4.2. Nanoparticle/Microparticle/Hydrogel Composite

Pluronic solutions were produced according to our previous study using a Pluronic aque-
ous solution (20 w/w%) with a mixture of Pluronic F127 (17 w/w%) and F68 (3 w/w%) [23].
The mixtures of Pluronic and ultrapure water were produced and left at 4 ◦C overnight
to ensure complete dissolution. The Pluronic ratio of 17:3 provided that this solution
was in the sol state at operating room temperature (21 ◦C) and in the gel phase at body
temperature (37 ◦C) [23]. We aimed to produce a thermoresponsive magnetic DDS. Thus,
dried microparticles loaded with MB and dried microparticles with SPIONs were mixed
in a 1:1 mass ratio. This ratio was maintained throughout the study. Then, Pluronic and
microparticles (with a ratio of 1:1) were mixed in the sol stage of the Pluronic. According
to our previous study, a mixture of 2 w/v% to 15 w/v% of microparticles in the Pluronic
hydrogel (20 w/w% aqueous solution) (with a similar F127:F68 ratio) allows the micropar-
ticle/Pluronic system to meet the above temperature criteria [23]. Figure 11 depicts the
process of DDS production.
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4.3. mNP Characterization

Transmission electron microscopy (TEM) images were obtained using a Hitachi H-8100
thermionic emission LaB (Japan).

4.4. Microparticle Characterization

The freeze-dried particles were analyzed using an S9 stereo optical microscope (Leica®,
Wetzlar, Germany) and the SEM tabletop microscope TM3030 Plus (Hitachi®, Chiyoda,
Japan). Optical microscopy images were also obtained in the transmission mode using an
Olympus BX51 microscope (Olympus®, Tokyo, Japan), coupled with an Olympus DP73
CCD camera, and acquired with the Stream Basic v.1.9 Olympus software. A cold illumina-
tion source generated by a halogen lamp (KL 2500 LCD, SCHOTT, Mainz, Germany.) was
used. All images were obtained and automatically scaled by the respective software.

TGA analyses were performed on the GG:Alg microparticles with and without mNPs
to analyze any possible differences with the addition of these. All analyses were carried
out with TGA-DSC—STA 449 F3 Jupiter equipment from Netzsch (Selb, Germany). They
were performed in a temperature range of 25–800 ◦C with a 10 ◦C/min heating rate
under a nitrogen atmosphere. FTIR analyses of the microparticles with and without
nanoparticles were performed in a Perkin-Elmer Spectrum Two (Waltham, MA, USA),
equipped with an attenuated total reflection cell (ATR), in the range of 4000–500 cm−1.
DRX measurements were performed through a D81 90 powder diffractometer (Malvern
Pananalytical, Worcestershire, England). X-rays at 40 kV and 30 mA impacted with a
pitched angle of 0.015◦ and a passing time of 0.1 s on the samples, which rotated at 30 rpm.

4.5. Adsorption Efficiency and Adsorption Capacity

The adsorption efficiency (AE%) and adsorption capacity (AC%) were determined
by adding 0.02 g of GG:Alg microparticles to 5 mL of mNP suspensions with different
concentrations (1, 2.5, and 5 mg/mL) for 4 days at 37 ◦C in an orbital shaker to ensure
maximum swelling of the microparticles. The concentration of free SPIONs in suspension
was determined using the 1,10-phenantroline method [14,58] and measuring the maximum
absorbance at 510 nm on a T90+ UV/VIS spectrometer (PG Instruments Ltd., Lutterworth,
UK) [54,57]. AE% and AC% were determined using the following equations:

the AE(%) =

(ms0 −ms f

ms0

)
·100; (1)

AC(%) =
mencap.mNPs

mGG:Alg
·100 (2)
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where ms0 is the mass of the nanoparticles in the initial suspension, ms f is the remaining
mass of the nanoparticles in the suspension after swelling of the microparticles, mencap. mNPs
is the mass of the adsorbed nanoparticles in the microparticles, and mGG:Alg is the weight
of the microparticles. Four replicas were used in each assay.

4.6. Swelling (Sw) and Degradation

For the swelling studies, microparticles with mNPs, previously prepared in a 5 mg/mL
suspension, were submerged in PBS solution (pH 6.5). At different times, the micropar-
ticles were removed from the PBS solution and weighed. At equilibrium, the concen-
tration of the mNPs in the PBS solution was analyzed using the previously mentioned
10-phenanthroline method [14,58] to evaluate the nanoparticles’ concentration released dur-
ing swelling. Swelling in weight (Sw) was calculated as the following equation describes:

Sw =
mtw −m0

m0
(3)

where mtw is the mass of the microparticles at different times after swelling, and m0 is the
initial mass of the dried microparticles. For the analysis of degradation, different batches of
microparticles with and without mNPs were submerged in PBS solution (pH 6.5), and, at
different times, they were removed, filtered, rinsed with water, dried, and weighed.

4.7. Rheological Analysis

The sol-gel transition of the microparticle/Pluronic system was rheologically character-
ized using an AR2000 stress-controlled oscillatory rheometer (TA Instruments, New Castle,
DE, USA). The analyses were performed using a plate–plate smooth geometry (dia: 40 mm)
with a selected gap of 2 mm. This gap was chosen to accommodate the size of the micropar-
ticles. Firstly, strain sweep tests were performed to determine the linear viscoelastic range.
From these, a strain of 2% was selected for the rest of the tests. Temperature ramps were
performed between 15 and 45 ◦C at a constant frequency of 1 Hz. Frequency sweep tests
were carried out between 0.5 and 100 Hz at 37 ◦C (human body temperature). Finally, flow
curves were performed at 21 ◦C (operating room temperature) in a shear rate range of
1–100 s−1. At least 3 replicates of each sample were made.

4.8. Cytotoxicity Tests

Cytotoxicity tests for the microparticles with and without SPIONs/SPIAPTS were
performed according to the ISO 10993 standard [59]. The extract method was used with
a Vero cell line provided by the American Type Culture Collection (ATCC CCL-81). The
extract was produced at a concentration of 5 mg/mL. Each sample was placed in 1 mL
of complete culture medium, DMEM (Dulbecco’s modified Eagle’s medium with 1.0 g/L
glucose, stable glutamine, and sodium pyruvate, Biowest #L0066) supplemented with peni-
cillin (100 U/mL), streptomycin (100 µg/mL) (Invitrogen, Carlsbad, CA, USA, #15140122),
and 10% FBS (fetal bovine serum, S. America origin, Biowest, #S1810) at 37 ◦C for 48 h.
The Vero cells were seeded in 96-well plates at a density of 30 000 cells/cm2. After 24 h,
the medium was replaced by the extract and its dilutions (2.5 mg/mL and 1 mg/mL). A
negative control corresponded to cells fed with a complete cell culture medium, and a
positive control corresponded to cells cultured in a cytotoxic environment caused by the
supplementation of the culture medium with 10% dimethyl sulfoxide (DMSO). After 48 h
of incubation, the medium was removed from each well and replaced with a resazurin
solution containing 50% of the complete medium and 50% of a 0.04 mg/mL resazurin
solution in phosphate-buffered saline (PBS). After 3 h of incubation at 37 ◦C and 5%, the
absorbance was measured at 570 and 600 nm. Cell viability is given as a percentage of
viable cells in the samples tested relative to the negative control.
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4.9. Magnetic Hyperthermia Assays

Magnetic hyperthermia measurements were obtained with a NanoScale Biomagnetics
D5 Series device (Spain) working at a frequency of 388.5 kHz and a magnetic field intensity
of 300 Gauss for 10 min. At least 3 replicates were conducted in each sample, and all
samples contained an equal amount of mNPs. Aqueous suspensions of SPIONs (5 mg/mL),
aqueous suspensions of SPIAPTS (5 mg/mL), microparticles loaded with mNPs, and
magnetic microparticles within Pluronic (17:3) hydrogel in the gel state were analyzed. The
specific absorption rate (SAR) indicates the heating efficiency of mNPs through energy
absorption with the application of an alternating magnetic field [54] (Equation (4)).

SAR (W/g) =
CNP·mFe + Cl ·ml

mFe
·
(

dT
dt

)
max

(4)

In Equation (4), (dT/dt)_max is the maximum derivative of the temperature curve,
C_NP is the specific heat of Fe3O4, Cl is the specific heat of the liquid, mFe is the iron mass,
and ml is the mass of the liquid.

4.10. Drug Release Studies

To characterize the release profiles of the microparticle/hydrogel composite system
with and without mNPs, we used a 1:1 ratio (in mass) of the magnetic microparticles and
MB-loaded microparticles. Within a donor–recipient made from a permeable membrane,
Pluronic hydrogel composite systems with 2 w/w% of microparticles were introduced. The
recipients of the microparticle/Pluronic were submerged in 10 mL of PBS solutions with
pH 6.5 and pH 7.4 at 37 ◦C. The 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 using a calibration curve to determine the concentration of MB at each time.
Five replicates were made.

The results from the release assays were analyzed using mathematical models. Sim-
ilarly to our previous work [10], we used a modified Korsmeyer–Peppas (KP) model
(Equation (5)) and a modified Peppas–Sahlin (PS) model (Equation (6)) using the DDSolver
program [24].

Qt = k
(

t− Tlag

)n
(5)

Qt = k1

(
t− Tlag

)m
+ k2

(
t− Tlag

)2m
(6)

In Equations (5) and (6), 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 [58]. The modified Peppas–Sahlin model (PS) uses two constants, k1 and k2, of
which k1 correlates with Fickian diffusion and k2 with case II transport [60].

4.11. Statistical Analysis

In different tests, a statistical study was carried out. For this, at least 3 replicates of
each sample and assay were performed. A single-factor analysis of variance (ANOVA) was
carried out. Then, a series of statistical parameters were calculated, including the mean
and standard deviation. In addition, a mean comparison test was performed to detect
significant differences (a confidence level of 95%, p < 0.05).
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