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Remote Magneto–Thermal Modulation of Reactive Oxygen
Species Balance Enhances Tissue Regeneration In Vivo

Giuseppina Tommasini, Susel Del Sol-Fernández, Ana Cristina Flavián-Lázaro,
Anna Lewinska, Maciej Wnuk, Claudia Tortiglione, and María Moros*

One of the hallmarks of tissue repair is the production of reactive oxygen
species (ROS), which modulate processes such as cell proliferation. Although
several attempts have been made to manipulate ROS levels to increase tissue
repair, the lack of techniques able to remotely manipulate the redox home-
ostasis with spatio–temporal fashion has hindered its progress. Herein, a new
approach for tuning the ROS levels using magnetic nanoparticles (MNPs) that
act as nanoheaters when exposed to an alternating magnetic field is presented.
Two manganese–iron oxide (MnxFe3−xO4) MNPs (with a low and a high Mn2+

content) are designed and probed for the possibility of modulating the ROS
balance by magneto–thermal stimulation in the invertebrate model organism
Hydra vulgaris, able to fully regenerate. By evaluating the expression of
selected genes involved in the maintenance of ROS homeostasis and prolifera-
tion pathways, a biphasic modulation of the ROS levels played by the MNPs is
found. While MNPs with a lower Mn2+ content are able to positively modulate
the regeneration potential under magnetostimulation, MNPs with a higher
Mn2+ content cause a different redox imbalance, negatively affecting the regen-
eration dynamic. This innovative approach reveals a novel way of manipulating
redox homeostasis that can advance in the field of tissue engineering.
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1. Introduction

Organisms have developed efficient re-
sponse mechanisms to cope with potential
injury, resulting in the initiation of complex
mechanisms that lead to tissue restoration.
Ineffective repair can lead to infections, in-
flammation, fibrotic scarring, and tissue
malfunction.[1] In recent decades there has
been a remarkable expansion of research
on the biology of tissue repair. However,
progress toward the clinical translation of
effective strategies has been slower than
anticipated. Several significant hurdles re-
main, both in the form of technical chal-
lenges and gaps in the basic understanding
of the biological mechanisms of repair.

One of the hallmarks of tissue re-
pair, both in acute and chronic wounds,
is reactive oxygen species (ROS) such
as hydrogen peroxide (H2O2), hydroxyl
radicals (●OH), or superoxide anion
(O2

●−).[2] Although high levels of ROS are
associated with high intracellular stress,

oxidative damage, and even cell death, low levels of ROS have
a central role in redox signaling via different post-translational
modifications, triggering the activation of molecular pathways in-
volved in important processes such as cell proliferation, migra-
tion, differentiation, and angiogenesis.[3,4] More recently, stud-
ies performed in model organisms such as Danio rerio, Xeno-
pus laevis, and Drosophila melanogaster demonstrated that injury-
induced ROS production is also necessary for the activation
of pivotal pathways such as Wnt and c-Jun N-terminal kinases
(JNKs) to mediate proper fin, tadpole tail, and wing regeneration,
respectively.[5–7]

Thus, a promising therapeutic approach to enhance tissue
repair and/or regeneration is the possibility of manipulating
the amount of intracellular ROS due to their role as secondary
messengers.[2] The topical application of H2O2 on ischemic ul-
cers of guinea pigs improved the wound healing rate by pro-
moting the proliferation of vascular endothelial cells.[8] However,
while physiological levels of ROS are necessary for the main-
tenance of cell homeostasis and wound healing (oxidative eu-
stress), excessive amounts of ROS can give rise to protein, DNA,
lipid damage, delay in wound closure, and ultimately cell death
(oxidative stress).[9] Despite advances in understanding the biol-
ogy of wound healing and tissue repair, the possibility of success-
fully manipulating the redox balance for therapeutic purposes
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remains a challenge. This might be a consequence of: i) the del-
icate balance between the ROS levels needed for maintaining
physiological redox signaling (oxidative eustress) and the ROS
levels needed to produce oxidative stress;[10] ii) the lack of tech-
niques able to finely tune intracellular ROS levels and iii) the few
available accurate and economic wound model systems that do
not pose ethical issues.

Recently, we described the possibility of optically promoting
tissue regeneration by using organic semiconducting nanopar-
ticles (NPs) composed of poly-3-hexylthiophene (P3HT).[11] The
photostimulation of human primary keratinocytes treated with
P3HT NPs enhanced their migratory and proliferative behavior
in a wound healing assay. In addition, in an in vivo model system,
Hydra vulgaris, the regeneration efficiency and the stem cell pro-
liferation were enhanced. Although the exact mechanism under-
lying these effects was not elucidated, significant changes in the
redox balance following photostimulation were found, suggest-
ing that an increase in ROS levels could be responsible for it.[11,12]

Other options, such as photodynamic therapy and laser biostim-
ulation to induce ROS production in situ are being explored.[13–15]

Despite the promising results, the use of light to photostimulate
could offer some tissue penetration limitations. Conversely, mag-
netic fields are safe and penetrate freely into the body, so they can
be used for deep tissue stimulation.[16] In combination with mag-
netic nanoparticles (MNPs) they offer several advantages that can
be explored for tissue regeneration.

MNP can be used as intracellular nanoheaters, producing heat
with spatio–temporal control upon the application of an alternat-
ing magnetic field (AMF). This technique, known as magnetic
hyperthermia (MHT), has been traditionally used to kill tumoral
cells by increasing their temperature to 43–46 °C.[17] To obtain a
mild MHT, the physicochemical properties of the MNPs and the
AMF parameters can be tuned to achieve localized heating on the
MNPs surface while maintaining the macroscopic temperature
of the tissue.[18,19] As ROS can be produced when cells are sub-
jected to elevated temperature,[20,21] the possibility of using MHT
to increase ROS levels has been widely explored, especially to kill
tumoral cells.[22–25] However, the use of MHT to produce low lev-
els of ROS to increase tissue repair remains largely unexplored.

Among the models to study tissue regeneration, the freshwater
polyp Hydra vulgaris (Cnidaria) stands out as one of the best sys-
tems due to its fascinating ability to fully regenerate. Its unique
regenerative potential is active throughout adulthood and directs
the creation of complete polyps from amputated body parts or
from tiny pieces of excised tissue.[26,27] The unlimited prolifer-
ation, self-renewal and differentiation of stem cell lineages, cell
dynamics, and tissue plasticity share striking similarities to verte-
brate epithelial tissues, making Hydra a powerful system to study
regeneration.[28] We have pioneered the use of Hydra as a tissue-
like model system to test the thermal properties of gold and mag-
netic nanoparticles,[19,29–33] and to identify the underlying mech-
anisms, showing the usefulness of this model for the assessment
of the nanoheater outcome.[19,30]

Herein, we describe the use of manganese–iron oxide
(MnxFe3−xO4) MNPs to mediate intracellular heat release and
promote tissue regeneration through ROS production induced
by an AMF. By changing the Mn2+ content, we could tune the
heating capabilities of the MNPs and their catalytic activity, while
maintaining a similar size and shape. Changes in the redox bal-

ance within the polyps were promoted by magnetostimulation
and pivotal intracellular pathways related to proliferation were
found modulated, opening the path to use MHT for tissue re-
generation.

2. Results

2.1. Design and Characterization of Tunable Manganese Ferrite
Nanoparticles

To evaluate the possibility of tuning the redox imbalance in
the animals upon AMF stimulation, two MNPs based on
MnxFe3−xO4 with different compositions (x) were obtained. The
incorporation of Mn2+ in the spinel structure can alter their ef-
fective magnetic anisotropy, saturation magnetization (Ms), and
thus, their heating efficiency.[34] However, the heating perfor-
mance of MNP also depends on the size, the size distribution,
and the shape. To attempt to exclusively correlate the Mn2+ con-
tent with the heating performance, we selected a one-step ther-
mal decomposition method to synthesize both MNPs. This syn-
thetic procedure allowed us to fine-tune the MNP composition
by controlling the initial molar ratio between the metal acetylace-
tonate precursors (Fe(acac)3 and Mn(acac)2) (Table S1, Support-
ing Information). The empirical composition was determined by
inductively coupled plasma optical emission spectroscopy (ICP-
OES), obtaining two MnxFe3−xO4 MNPs, one with a low Mn2+

content of x = 0.07 (MNP1) and one with a high Mn2+ con-
tent of x = 0.60 (MNP2). The composition was confirmed by
STEM-Energy-Dispersive X-ray Spectroscopy, as from the chem-
ical map it was evident that the signal belonging to Mn ions
was higher in MNP2 compared to MNP1 (Figure S1, Support-
ing Information). As shown in Figure 1a,b, the as-synthesized
MNPs were very similar in size and size distribution (13 ± 2 and
14± 2 nm for MNP1 and MNP2, respectively) and showed a cube-
like shape. Moreover, both MNPs displayed superparamagnetic
(SPM) behavior at room temperature and high saturation mag-
netization values in the 80–85 Am2 kgferrite

−1 range (Figure 1c).
Although the Ms values were almost invariable with increasing
Mn2+ content, a slight decrease in the coercitivity (Hc) and rema-
nence (MR) could be observed as Mn2+ content increased. This
result suggests that both MNPs present different contributions
of surface canting effects, probably due to the different distribu-
tion of cations inside the spinel structure, which in turn could
directly affect Hc and MR but not the net magnetic moment of
the ferrite.[35] From these results, we can conclude that by tuning
Mn2+ content we can modulate the effective magnetic anisotropy
(Keff) and thus, the final magnetic response upon magnetic field
exposure.

As both MNPs were obtained in organic solvents, a subsequent
water transference step was required for further applications. To
do so, we used a well-established polymer coating method us-
ing an amphiphilic polymer (PMAO) and thereafter we function-
alized the MNPs with glucose (Glc) to improve the stability in
Hydra Medium (HM).[36–38] To check the success of the function-
alization steps, we measured the hydrodynamic size by dynamic
light scattering (DLS) and surface charge by zeta potential (Figure
S2a,b, Supporting Information). The average hydrodynamic size
increased slightly after Glc addition from 23 ± 2 to 25 ± 2 nm
for MNP1 and 34 ± 2 to 36 ± 1 nm for MNP2, respectively,
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Figure 1. Characterization of MnxFe3−xO4 MNPs. a) Transmission electron microscopy images of as synthesized MNP1 (Mn0.07Fe2.93O4) with average
diameters of 13 ± 2 nm, and b) MNP2 (Mn0.60Fe2.40O4) with diameters of 14 ± 2 nm. Insert: Size distributions of each MNP and its high-resolution
transmission electron microscopy (HRTEM) showing their cubic-like shape and crystallinity. c) Hysteresis curve comparison of the MNPs measured at
room temperature. d) SAR values obtained using a fixed frequency (763 kHz) and different field strengths (8–28.8 kA m−1) in water. e) Methylene blue
degradation assay to measure Fenton-like catalytic activity of both MNP. f) BCA assay measuring the reduction of Cu2+ to Cu1+ by MNP. Data is shown
as the mean ± SEM of two independent experimental replicas. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post
hoc test (***p < 0.001).
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whereas the zeta potential became less negative (from −44 ± 2
to −32 ± 2 mV for MNP1 and −32 ± 1 to −29 ± 1 mV for MNP2
respectively). This indicates that the functionalization with Glc
was successful. The latest was also confirmed by agarose gel elec-
trophoresis where a reduction of the electrophoretic mobility was
detected after the addition of Glc (Figure S2c, Supporting Infor-
mation).

To elucidate if the content of Mn2+ had an impact on the heat-
ing capacity of the MNPs coated with PMAO under an AMF, we
studied the heat production by MNP1 or MNP2 (1 mgFe+Mn mL−1)
upon exposition to different AMF strengths (8 up to 28.8 kA m−1)
and a fixed frequency of 763 kHz (Figure 1d). As expected, the
heating capability in terms of specific absorption rate (SAR) dis-
played a linear increase with the strength of the applied AMF
due to the SPM behavior of both MNPs. Under the same con-
ditions (H = 28.8 kA m−1 and f = 763 kHz) MNP2 could increase
the temperature of water more than MNP1 (Figure S3, Support-
ing Information), resulting also in the highest SAR value in all
tested conditions. For further experiments, we selected the AMF
conditions (H = 28.8 kA m−1 and f = 763 kHz) where our MNP
produced the greatest amount of heat.

2.2. Catalytic Activity of the MNP

Next, we attempt to demonstrate if the MNP could have a differ-
ent catalytic activity using two semiquantitative approaches, the
methylene blue and the bicinchoninic acid (BCA) assay.

Mn ferrite MNPs can act as Fenton catalysts and decompose
H2O2 under neutral and physiological conditions, leading to the
formation of highly reactive hydroxyl radicals which can react
with methylene blue.[39] The catalytic degradation of the methy-
lene blue was evaluated using H2O2 as an oxidizing agent. As
shown in Figure 1e, MNP1 displayed a significant degradation of
methylene blue on the order of 30% compared to the 18% im-
paired by MNP2. This indicates a higher decomposition of H2O2
by MNP1, probably due to their higher content of Fe ions com-
pared to MNP2,[40,41] and it is in accordance with other works
where the highest content of ROS was generated by the MNP
with the highest content of Fe.[42] On the other side, we evalu-
ated the redox activity of the MNPs using the BCA assay, which
is based on the reduction of Cu2+ to Cu1+ catalyzed by MNP
(Figure 1f). In this case, MNP2 displayed a higher Cu2+ reduc-
tion capacity than MNP1, which can be related to the amount
of Mn2+ or a difference in the PMAO coating density, as also
suggested by thermogravimetric analysis (Figure S4, Support-
ing Information).[43] MNPs with a high ability to reduce Cu2+

have been related to a higher ROS production inside cells, fi-
nally resulting in mitochondrial reprogramming and a lack of
proliferation.[43]

2.3. Toxicology and Uptake of Manganese Ferrite Nanoparticles

Hydra is known to be highly sensitive to many toxicants and can
rapidly respond in the presence of them, displaying a wide range
of morphological aberrations.[44] We checked the biocompatibil-
ity of the MNPs in whole animals at different levels, namely the
morphological state and the reproduction rate. The toxicological

impact of MNPs was tested by treating living animals with in-
creasing doses of MNPs functionalized with Glc (ranging from
0.5 mg of Fe mL−1 up to 2 mg of Fe mL−1) and quantifying the
morphological changes induced, according to a well-established
method (Figure S5a, Supporting Information).[45,46] Upon 24 h
treatment, animals did not show any signs of morphological
changes such as contracted body, swelling or disintegrated ten-
tacle, or tissue damages, indicating the absence of macroscopic
toxicity induced by either MNPs, even at the highest dose tested
(Figure S5b,c, Supporting Information).

On the other hand, under favorable conditions, Hydra polyps
normally reproduce asexually through a controlled budding pro-
cess. Population growth rate assessment is considered a reliable
toxicity endpoint as environmental factors such as toxic agents,
temperature changes, or food availability greatly affect Hydra
population reproduction.[44,47] Adult polyps asexually active were
incubated with the lowest dose of MNPs (0.5 mg of Fe mL−1), and
the number of emerging buds and newly spawned polyps was
daily monitored over 10 days (Figure S6a, Supporting Informa-
tion). The growth curves (Figure S6b, Supporting Information)
showed no impact of MNPs per se on the Hydra reproduction
rate.

To evaluate the uptake and MNPs internalization in Hydra tis-
sue, polyps were treated with MNPs functionalized with a fluo-
rophore (TAMRA) at 0.5 mg of Fe mL−1. Hydra has a rather sim-
ple anatomy with a hollow tubular shape only composed of two
cell layers, and its body transparency allows in vivo tracking and
biodistribution studies of fluorescent molecules and compounds.

Imaging of treated polyps either living or fixed, showed a
strong fluorescent signal homogeneously spotted all over the ten-
tacles and the body, mainly localized in the ectodermal cell layer
(Figure 2a) and profoundly different from autofluorescence of
untreated polyps. The presence of granular fluorescent spots sug-
gests that MNPs were internalized and accumulated into storage
granules, as already reported for other inorganic NPs.[19,48–49] In
addition, elemental analysis by ICP-OES showed that internal-
ized iron increased as the incubation dose increased (Figure 2b).
Both MNPs showed similar iron incorporation (i.e., 15 ng of
Fe/polyp for MNP1 compared to 12.5 ng of Fe/polyp for MNP2
when incubated with 0.5 mg of Fe mL−1), which was expected
due to their similar size, shape, and coating. The iron content
was higher compared to that reported for smaller and spherical
MNPs coated with the same polymer (1.46 ng of Fe/polyp),[19] re-
inforcing the idea that the size and shape of the MNPs are critical
factors driving the internalization rate.

Overall, our results indicate that both MNPs were internalized
into Hydra tissue and did not produce adverse effects at the whole
animal level even at the highest tested concentration after 24 h of
incubation.

2.4. MNPs with Different Mn2+ Content Mediate Different Redox
Imbalances in Whole Intact Polyps

To test if we could promote a redox imbalance after magneto–
thermal stimulation we used in the first instance whole polyps
instead of regenerating stumps to avoid interferences from ROS
produced by the wound per sè.[50] To this end, we analyzed by
real-time quantitative reverse transcription PCR (qRT-PCR) the
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Figure 2. Internalization of manganese ferrite nanoparticle in H. vulgaris tissues. a) Fluorescence microscopy images of untreated polyps or polyps
treated with MNP1 and MNP2 previously modified with the fluorophore TAMRA. Images of living polyps are present in the upper row and tentacles
from fixed animals are in the lower row. Right panel: body insert. Ectoderm (white) and inner endoderm (yellow) of polyps. A control polyp is shown in
the upper row and an MNP-treated polyp in the lower row. MNP (granular fluorescent spots) are indicated with a yellow arrow. Scale bar: 500 μm (living
polyps) and 50 μm (tentacles and body section). b) Amount of Fe per animal determined by ICP-OES after soaking the animals with different doses of
both types of MNPs overnight.

expression profile of selected genes involved in the antioxidant
response, namely cytoplasmatic superoxide dismutase (SOD1),
catalase (CAT) and forkhead box O (FoxO) and the general stress
response, i.e., heat shock protein 70 (Hsp70) in polyps treated
with MNPs and exposed to 30 min of AMF. SOD1 (cytosol)
and SOD2 (mitochondria) can convert superoxide (O2

•−) into
H2O2 and O2, avoiding its accumulation and potential dam-
age to proteins and lipids. Thereafter CAT is implicated in
the decomposition of H2O2 into water and molecular oxygen
(Figure 3a).

Immediately after AMF exposure only polyps treated with
MNP2 showed an upregulation of Hsp70 transcript levels, sug-
gesting a specific effect for this MNP in the absence of any stimu-

lation (Figure 3b). The intracellular increase of temperature gen-
erated by the local heating of MNP1 or MNP2 mediated by AMF
was not able to modulate Hsp70 expression at the analyzed time
point, correlating with previous results where the overexpression
was only observed 120 min post-treatment.[19]

The analysis of antioxidant enzyme gene expression also re-
vealed different inputs elicited on the intracellular ROS bal-
ance depending on the MNP used. Unexpectedly, treatment with
MNP2 but not with MNP1 per sé produced a twofold increase
in the SOD1 transcript levels, further increasing after AMF ex-
position; this might be related to the high production of super-
oxide anion (O2

•−) (Figure 3c). An increase in CAT levels was
also induced by treatment with MNP2 in the absence of AMF,
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Figure 3. Expression profile of selected genes involved in antioxidant response and general stress. a) Diagram showing the experimental workflow
and the general antioxidant defense mechanism of the animals. SOD can convert superoxide (O2

•−) into H2O2 and O2, while CAT is implicated in
the decomposition of H2O2 into water and molecular oxygen. b–e) qRT-PCR gene expression of b) Hsp70; c) SOD1; d) CAT; and e) FoxO involved in
antioxidant and general stress. Genes were analyzed after treating polyps with 0.5 mg of Fe mL−1 of MNPs overnight and applying 30 min of AMF
(763 kHz, 28.8 kA m−1). Results are shown as fold change mean ± SEM of three independent biological replicas, and data were normalized using
elongation factor 1𝛼 (Ef1𝛼) as a reference gene. Black asterisks (*) show samples with normalized fold expression statistically different from untreated
controls. All other symbols refer to samples statistically different from those compared within branches: hash (#) refers to control AMF versus MNPs
AMF; circumflex (ˆ) refers to comparison between MNPs (either with AMF or without AMF treatment). Statistical analysis was performed using ordinary
one-way ANOVA followed by Tukey’s post-hoc test. (*p < 0.05; ***p < 0.001).
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and with MNP1+AMF, suggesting the generation of intracellu-
lar H2O2 concentrations in these samples (Figure 3d).

As in other animals, oxidative and heat stress can activate
in Hydra the transcription factor FoxO and start a molecular
program leading to increased levels of antioxidant enzymes to
restore homeostasis.[51,52] As shown in Figure 3e, we found
an upregulation of FoxO gene expression specifically in polyps
treated with MNP1+AMF, suggesting the triggering of dif-
ferent molecular targets for MNP1 and MNP2. Interestingly,
both in humans[53] and in Hydra FoxO is also responsi-
ble for the proliferation and continuous self-renewal of stem
cells.[54]

As increased ROS levels mediated by both MNPs may stimu-
late the synthesis of non-enzymatic and enzymatic antioxidants
to maintain the redox balance, two parameters to estimate the
total antioxidant activity were then evaluated, i.e., the total an-
tioxidant capacity (TAC) test (FRAP assay in an acidic environ-
ment measuring the activity of non-thiol antioxidants) and the
analysis of thiol levels (reduced glutathione (GSH) content).
Even if elevated levels of TAC and thiols were found for both
MNPs compared to untreated polyps, once again the impact of
both MNPs was not the same. MNP2, presenting the highest
content in Mn2+, had a greater contribution to the thiol lev-
els response, whereas the effect of MNP1 was more evident in
promoting non-thiol antioxidant activity (Figure S7, Supporting
Information).

In summary, magneto–thermal stimulation of MNP1 acted
preferentially at the CAT level, suggesting higher levels of H2O2,
while MNP2 + AMF modulated SOD1 levels, more related to su-
peroxide anion (O2

•−) production.
[55]

2.5. MNPs with the Lowest Mn2+ Content Boost Regeneration In
Vivo Upon AMF Exposure

The redox imbalance observed in whole polyps confirmed the
MNPs’ potential to modulate the intracellular redox signaling.
We then investigated the effect of AMF-stimulated MNPs on
Hydra regeneration, by evaluating the dynamic and the effi-
ciency of the head regrowth after decapitation. Treated and un-
treated animals were bisected at subhypostomal level (80% of
body column length) and stimulated with an AMF twice a day
(Figure 4a). The head regeneration efficiency was evaluated by
morphometric analysis assigning a numerical score to each
developmental stage: stage 0 indicates wound closure; stage 1,
where tentacles start to appear; stage 2, where tentacles reach
2/3 of the final length; and finally, stage 3, complete tenta-
cles regrowth (Figure 4a). Regenerating stumps were moni-
tored using an optical microscope, and developmental stages
were quantified at regular intervals post-amputation (h p.a.), ob-
taining the distribution percentage under different treatments
(Figure 4b,c).

Comparing the developmental distributions with untreated
animals, no significant differences were observed for polyps
treated with AMF (untreated AMF) or MNP1 alone (MNP1), in-
dicating that neither the AMF nor the treatment with MNP1 had
an impact on the regeneration efficiency rate. On the contrary,
polyps treated with MNP1 and exposed to AMF (MNP1+AMF)
showed a clear enhancement of regeneration efficiency already

at 30 hp.a (Figure S8, Supporting Information) with 28% of
polyps at stage 1 (purple bar) compared to the 10% obtained
in untreated animals. The differences were more accentuated
at 48 hp.a where animals treated with MNP1+AMF showed a
significant boost in the regeneration efficacy, with 18% of the
polyps having a complete head and tentacle regrowth (stage 3—
red bars) compared with 5% for the untreated polyps (Figure 4c).
A completely different outcome was observed during Hydra re-
generation when using MNP2, as a large number of stumps
(≈66%) were still in the earliest developmental stages (stage 0—
light purple bars) at 48 hp.a, denoting a striking inhibitory ef-
fect played by the MNP2 per sè. The application of AMF (MNP2
+AMF) did not have an improved effect on animal regenera-
tion, even when these MNPs had better heating capabilities than
MNP1.

To decipher the molecular mechanism underlying the re-
sponse triggered by MNPs and MHT treatment, we then explored
by qRT-PCR selected genes from the Wnt/𝛽-catenin signaling
pathway, which plays a key role throughout the entire process
of Hydra head regeneration.[56–58] As different members of the
canonical Wnt signaling, such as Wnt ligands, Sp5, Dishevelled,
and 𝛽-catenin, are activated early during head regeneration,[58,59]

we evaluated the expression of Wnt3, Sp5, 𝛽-catenin at 5 and
24 hp.a. (Figure 4d). Our data showed an increase in the lev-
els of Sp5 and 𝛽-catenin transcripts at 5 hp.a. when both MNPs
were magnetostimulated (Figure 4f,g). Although higher levels
of 𝛽-catenin transcripts could be expected in the sample with
the fastest regeneration rate (MNP1+AMF), not only the tran-
script levels are important, as 𝛽-catenin should also translo-
cate into the nucleus and interact with Tcf/Lef in order to acti-
vate downstream target genes.[60] Thus, an absence in the sta-
bilization of 𝛽-catenin could also be responsible for impairing
the regeneration rate, even when 𝛽-catenin transcript levels are
maintained.[61]

Similar to vertebrates, in Hydra Wnt3 acts as a positive regu-
lator of the regeneration process, and in regenerating polyps the
higher levels occur at 12 and 48 h p.a.[62] While no differences
in the transcript levels of Wnt3 were observed at 5 h p.a. (Figure
4e), there was a significant upregulation for MNP1+AMF sam-
ples at 24 h p.a. when compared to 5 h p.a. ones. Conversely, we
could not observe an upregulation of Wnt3 in samples treated
with MNP2 (with or without AMF) even at 24 h p.a., which is
in accordance with the lack of regeneration enhancement ob-
served. We have previously reported that the decrease of Wnt3
levels could explain the absence of an enhancement of Hydra re-
generation when using P3HT and photostimulation, while up-
regulation of Wnt3 could be related to an increase in the regen-
eration process.[11] The different regulation of Sp5 and Wnt3 in
MNP1 + AMF observed at 5 h p.a. could be attributed to the tem-
poral dynamic of the two genes,[63] and we cannot exclude the
possibility that the time window used in our experiments pre-
cluded us from observing an earlier Wnt3 upregulation induced
by MHT treatment.

In conclusion, while only slight differences in the expression
levels were observed for 𝛽-catenin and Sp5 due to the high en-
dogenous levels of these transcripts at 5 h p.a., at 24 h p.a. clear
differences were observed for Wnt3 levels between MNP1+AMF
and MNP2+AMF. Altogether, these data support, at least in part,
the implication of the Wnt/𝛽-catenin pathway in the different
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Figure 4. Impact of magnetic hyperthermia on H. vulgaris regeneration capacity. a) Schematic diagram showing the experimental workflow and the
classification of developmental stages of regenerating heads. b) Representative images of animals treated with MNP1 or MNP2 and bisected before
applying (or not) the AMF after 48 h p.a. c) Quantitative distribution of developmental stages at 48 h p.a. from three independent biological replicates
(N, is the total number of animals per condition, NUntreated = 60; NAMF = 63; NMNP1 = 64; NMNP1+AMF = 66; NMNP2 = 71; NMNP2+AMF = 66). Statistical
comparisons were performed using the Chi-square test (𝜒2 and p values for each comparison listed in Table S2, Supporting Information). (** p< 0.01;
***p < 0.001). d) Diagram showing the experimental workflow and molecular interplay between genes implied in the Wnt/𝛽-catenin signaling. e–g) qRT-
PCR expression profiles of selected genes involved in the regeneration process using as internal control elongation factor 1𝛼 (Ef1𝛼). e) Wnt3; f) 𝛽-catenin;
g) Sp5. Results are shown as fold change mean ± SEM of three independent biological replicates. Black asterisks (*) show samples with normalized fold
expression statistically different from untreated controls. All other symbols refer to conditions statistically different from those compared with branches:
hash (#) refers to control AMF versus MNPs AMF; circumflex (ˆ) refers to the comparison between MNPs (either with AMF or without AMF treatment);
cross (×) refers to 5 h versus 24 h. Statistical comparisons were performed using ordinary two-way ANOVA followed by Bonferroni post hoc test e) or
one-way ANOVA followed by Tukey’s post hoc test f, g) (*p < 0.05; **p < 0.01; ***p < 0.001).

Adv. Funct. Mater. 2024, 2405282 2405282 (8 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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regeneration outcomes between groups. However, this signal is
highly complex and we cannot rule out that other important
pathways, such as Hippo/Yap, that act synergically in promoting
and stabilizing the body axis during head regeneration could be
involved.[64]

2.6. Magneto–Thermal Stimulation Modifies the Intracellular
Redox State of Regenerating Polyps

While the modulation of the Wnt pathway is involved in the re-
generation, the mechanism implied in its activation after injury
is not completely understood. In Hydra, it has been recently re-
ported that Ca2+ release and ROS molecules act as first messen-
gers triggering the injury response, and thus are essential to start
the tissue regeneration program.[65,66] Based on this evidence,
we wondered if the acceleration of the dynamic of the head re-
generation elicited by MNP1+AMF was also based on a ROS-
mediated mechanism. Direct measurement of ROS production
in the whole animal using standard fluorescent probes is difficult
due to the body thickness and the polyp autofluorescence. To as-
sess in a semi-direct way the generation of ROS in regenerating
animals we used Amplex UltraRed reagent, an assay widely used
for H2O2 detection from biological samples.[65] The assay is based
on the horseradish peroxidase-catalyzed oxidation of Amplex Red
to resorufin in the presence of H2O2 (Figure 5a). MNP2 per se
produced a higher signal than MNP1, and in both cases, AMF
application increased it. However, magnetostimulation of MNP2
resulted in higher ROS production from the beginning. This will
be a direct evidence that AMF application increases ROS levels
in amputated animals and that both MNPs behave differently in
terms of ROS production.

To corroborate this data and obtain further information, we
studied the antioxidant response in an indirect way, selecting 5 h
p.a. and 24 h p.a. as the time points to perform RNA and protein
extraction of regenerating polyps. This would partially avoid the
interference of the ROS generated by the wound. First, we evalu-
ated the expression of antioxidant genes, like SOD1, SOD3, CAT,
and glutathione peroxidase (GPx).[65] At the analyzed time win-
dow (5 h p.a.), expression levels analyzed by qRT-PCR of SOD1,
SOD3, and CAT were not modulated for MNP1 or MNP1+AMF,
which could be consistent with an earlier expression during the
regeneration (Figure 5b–d; Figure S9a, Supporting information).
Indeed, CAT activity measured at the protein level (5 h p.a.) was
higher for MNP1 + AMF treated polyps (Figure 5f), indicating
a fast response in return to the higher levels of H2O2 produced
after MHT. Unexpectedly, SOD1 and SOD3 were downregulated
in polyps treated with MNP2 and MNP2+AMF, suggesting the
presence of low levels of superoxide anion (Figure 5b,c). Since
in whole polyps, the MNP2+AMF treatment suggested oppo-
site results (Figure 3c), we cannot exclude the possibility that
in regenerating polyps superoxide anion was produced and then
transformed into other reactive species, such as Reactive Nitro-
gen Species (RNS).[67] Low levels of superoxide anion and SOD
could finally result in low levels of H2O2 with a consequent down-
regulation of CAT expression levels for MNP2+AMF at 24 h p.a.
(Figure 5d).

Although both MNPs could affect TAC and thiol levels,
MNP1+AMF had a greater contribution to the non-thiol an-

tioxidant activity (Figure S9b, Supporting Information), mir-
roring what happened in intact polyps (Figure S7, Support-
ing Information). On the contrary, MNP2+AMF polyps pre-
sented the highest levels of thiol content (GSH, measured
at the protein level) (Figure 5g), correlating with the highest
overexpression of GPx (Figure 5e). As GPx/GSH are implied
in the removal of radical forms of ROS but also of RNS,[68]

the hypothesis of RNS production by MNP2+AMF could be
supported.

To lastly confirm that increased ROS production upon com-
bined treatment with MNPs + AMF had an adaptive hormetic
effect and no detrimental effect such as oxidative damage to
biomolecules, the analysis of lipid peroxidation was then con-
sidered. No lipid peroxidation was observed upon MNPs + AMF
treatment as judged by no changes in the content of malondi-
aldehyde, one of the end products of lipid peroxidation (Figure
S10, Supporting Information), indicating that MNPs + AMF-
mediated ROS production is not sufficient to promote oxidative
damage and related adverse effects. MNP-treated animals in the
presence of the AMF were protected against ROS-induced lipid
peroxidation by elevated levels of GPx and glutathione. Indeed,
the members of the glutathione peroxidases family can reduce
free H2O2 to water and lipid hydroperoxides to their correspond-
ing alcohols using GSH as a cofactor.

2.7. Mitogen-Activated Protein Kinases Modulation After
Magnetostimulation

Recently a link between mitogen-activated protein kinases
(MAPK) and Wnt pathways during regeneration has been pro-
posed in Hydra.[66] MAPK signaling (ERK, p38, and JNK) is es-
sential for triggering Wnt signaling in Hydra head regeneration,
its activation occurring in response to ROS and Ca2+ signaling
promoted after injury.[66] Similarly, in Drosophila JNK signaling
in injured tissues is needed to activate the Wnt pathway to trig-
ger regeneration of the wing.[7]

Therefore, we analyzed whether SAPK/JNK and ERK signal-
ing were also involved in the different outcomes in regeneration
caused by both MNPs. To do that, polyps were treated (or not)
with MNPs, bisected, and exposed to an AMF for 30 min, before
analyzing the protein lysates.[66]

As shown in Figure 6a, pERKT202:Y204 protein levels were in-
creased in all samples when compared to untreated polyps, ex-
cept in the case of MNP2+AMF, where a strong inhibition of this
pathway was observed. On the contrary, levels of the phospho-
rylated JNK (pJNK) relative to tubulin were similar between all
groups (Figure 6b). Overall our data suggest that the different re-
dox imbalances caused by MNP1+AMF and MNP2+AMF could
finally affect the MAPK signaling, which is ultimately related to
the modulation of Wnt/𝛽-catenin pathway.

3. Discussion and Conclusion

Herein, we have demonstrated the possibility of increasing tis-
sue regeneration by manipulating the redox homeostasis, using
MNP and MHT. While the idea of increasing wound healing by
manipulating ROS levels is well known,[2,8] the lack of traditional

Adv. Funct. Mater. 2024, 2405282 2405282 (9 of 16) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405282 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [23/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. Evaluation of the redox imbalance caused by the MNPs and the AMF in regenerant animals. a) Schematic representation of Amplex Ultra-Red
assay used to quantify H2O2 and/or OONO− levels in regenerating polyps treated with MNPs, bisected and exposed to an AMF. 30 min p.a. they were
transferred into a well containing Amplex Red and the changes in the fluorescence intensities were recorded during time. b–e) Expression profile of
genes involved in the antioxidant defense using as internal control the elongation factor 1𝛼 (Ef1𝛼). b) SOD1; c) SOD3; d) CAT; e) GPx. Results are
shown as fold change mean ± SEM from three independent biological replicates. f) CAT activity and g) thiol levels measured using protein extracts
obtained 5 h p.a. Data are normalized using untreated polyps as control condition (n = 6 from two independent biological replicates); the interquartile
range represents the 25th to 75th percentiles while the horizontal line in the middle of the box represents the median value. Whiskers represent 5–95%
CI. For all graphs, black asterisks (*) represent samples statistically different from untreated controls. All other symbols refer to samples statistically
different from those compared between branches: hash (#) refers to control AMF versus MNPs AMF; circumflex (ˆ) refers to comparison between MNPs
(either with AMF or without AMF treatment). Statistical comparisons were performed using ordinary one-way ANOVA followed by Tukey’s post hoc test
(*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 6. Modulation of MAPK signaling in regenerating animals mediated by MHT and MNPs. a, b) Representative Western blots of phosphorylated
ERKT202:Y204 and SAPK/JNKT183:Y185 from regenerating animal lysates. Quantification of pERK bands and pJNKT183:Y185 relative to 𝛼-tubulin loading
control. c) Proposed models of the biological pathways implied in the regeneration process mediated by MNP1 (left) and MNP2 (right) upon AMF
application in Hydra vulgaris. Figure created with BioRender.com. Statistical comparisons were performed using ordinary one-way ANOVA followed by
Tukey’s post hoc test (*p < 0.05).

approaches to finely tune them has hampered its advancement.[9]

Recently, the use of photodynamic therapy or light is being ex-
plored to induce ROS in a more controlled fashion,[11,13–15] but the
limited penetration of light in thick tissues can be a problem.[69]

On the contrary, the use of magnetic fields offers different advan-
tages, such as the possibility to penetrate deep into the body and

to generate local heat in a spatial and temporal fashion when used
in combination with MNP. Heat is known to play a major role in
different biological processes such as osteogenesis, angiogenesis,
or nerve regeneration,[70,71] and it is also implicated in the genera-
tion of ROS, which has been traditionally explored to kill tumoral
cells.[24] While the reason behind this enhanced production is still
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unclear, a hypothesis could be that the increased temperature in
proximity to the MNP might boost the kinetics of the Fenton-like
reaction.[72,73] By tuning the Mn2+ content we synthesized two
MNPs with different heating capabilities and catalytic activity,
while size, size distribution, and shape were maintained. While it
is widely accepted that MNP can have a peroxidase-like activity, a
definitive statement about the generation of ROS is difficult to
obtain due to the differences in the MNP design and experi-
mental settings reported.[24] Our results demonstrated a biphasic
modulation of the oxidative stress played by both MNPs. MNPs
with the lower Mn2+ content were able to boost the regeneration
potential under magnetostimulation, sustained by a significant
increase over the analyzed temporal window in the transcript ex-
pression levels of genes related to the Wnt pathway (Wnt3). Con-
versely, MNPs with a higher Mn2+ content (MNP2) negatively af-
fected the regeneration dynamic, which correlated with an inhi-
bition in the Wnt3 levels. As the size, coating, and internalization
rate between both MNPs were similar, we excluded them as the
main factors driving the different outcomes.[74] While the compo-
sition of the MNPs can affect ROS production,[42] different ions
leaking from both MNPs and/or the generation of other reactive
species, such as RNS, cannot be excluded.

Even when the exact mechanism occurring during the regen-
eration process with both MNPs is difficult to fully address, we
speculate that the observed differences are caused by a different
redox imbalance, that in the case of MNP1 +AMF is also as-
sociated with a ROS-mediated tissue regeneration. The results
from the Amplex Red assay (Figure 5a) are direct evidence that
the application of the AMF increased the production of ROS
in the amputated animals compared with MNPs alone and that
MNP2+AMF produced higher levels of ROS. Aside from this
assay, in regenerating animals the clearest differences between
both MNPs were found at the antioxidant enzyme transcript
levels, with SOD1, SOD3, and CAT downregulated for animals
treated with MNP2 and MNP2+AMF. Superoxide anion can react
with the nitric oxide free radical (NO•) to form the RNS peroxyni-
trite (ONOO−) at a constant rate higher than that of the dismu-
tation of superoxide by SOD.[75] As NO• production is increased
during Hydra regeneration,[76] we hypothesize that this increase
in NO• levels, together with a higher increase of superoxide anion
caused by MNP2, led to a faster formation of ONOO−, downregu-
lating SOD and CAT. This hypothesis is supported by the fact that
not only hydrogen peroxide but also ONOO− can oxidize Amplex
Red and thus be detected in this assay.[77,78] In this case, the up-
regulation of GPx and GSH levels found in animals treated with
MNP2 and MNP2+AMF could be a measure to remove the excess
of RNS radicals (Figure 6c).[79,80]

On the other hand, the higher activity of CAT imposed by
MNP1+AMF suggested that similar to what happened in whole
animals, a higher concentration of H2O2 was formed. These data
are consistent with the higher regeneration rate observed for this
sample, as H2O2 is less reactive, and thus it is considered a better
candidate to activate signaling pathways than other ROS species
such as hydroxyl radical (OH•) or superoxide anion (O2

•−).[55]

Lastly, the differences between both MNPs were also observed
in the balance of the MAPK signaling cascade, with MNP2+AMF
inhibiting the phosphorylation of ERK, while MNP1+AMF did
not have a big impact neither in JNK or ERK. However, this
signaling is highly complex, as ERK and stress-induced MAPKs

(p38 and JNK) can display an antagonist effect, being JNK anti-
apoptotic while ERK displays a pro-apoptotic function.[66] Al-
though further studies are needed to specifically dissect the ex-
act actors that are implied, our results open the path to the in-
crease of tissue repair by modulating the redox homeostasis us-
ing magneto–thermal stimulation, an alternative not explored
before. Furthermore, the biphasic modulation of ROS balance
caused by the two MNPs lays the groundwork for the use of dif-
ferent MNPs to control the activation of different pathways.

4. Experimental Section
Materials: Iron (III) acetylacetonate (Fe(acac)3, 97%), manganese

(II) acetylacetonate (Mn(acac)2, 98%), oleic acid (OA, 90%), 1,2-
hexadecanediol (technical grade, 90%), dibenzyl-ether (DBE, 90%),
and poly(maleic anhydride-alt-1-octadecene) (PMAO) (MW = 30 000–
50 000 Da), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC) and 4-aminophenyl 𝛽-d-glucopyranoside were purchased from
Sigma–Aldrich. Tetramethylrhodamine 5-(and -6)-carboxamide cadaver-
ine, (TAMRA) was purchased from Anaspec. All solvents were of analytical
grade and used as received.

Synthesis of Manganese Iron Oxide Nanoparticles by One-Step Thermal
Decomposition Method: Two systems based on MnxFe3−xO4 MNPs were
synthesized by the thermal decomposition method according to a proce-
dure previously described by Sun with slight modifications.[81] In brief, for
MNP1 synthesis 13 mmol of Fe(acac)3, 2 mmol of Mn(acac)2, 40 mmol
of oleic acid as surfactant, and 30 mmol of 1,2-hexadecanediol were used
in 150 mL of benzyl ether. Meanwhile, to produce MNP2 3.33 mmol of
Fe(acac)3, 1.67 mmol of Mn(acac)2, 45 mmol of oleic acid, and 30 mmol
of 1,2-hexadecanediol were employed in 50 mL of benzyl ether. For both
approaches, the mixture was mechanically stirred (100 rpm) under a flow
of N2 and then heated up to 200 °C for 2 h (5 °C min−1), afterward heated
to 285 °C (3 °C min−1) for another 2 h. The black–brown mixture was
cooled to room temperature by removing the heat source. Under ambient
conditions, ethanol excess was added to the mixture, and a black mate-
rial was precipitated and separated using a permanent magnet. The black
product was dissolved in hexane and precipitated again with ethanol. This
cycle was repeated three times, giving a dark brown powder, which was
dispersed in hexane and kept at 4 °C.

Transference to Water with PMAO Polymer and Dye Functionalization:
The transference into water was performed following a previously reported
method with slight modifications.[36,37] In brief, 225 mg of poly(maleic
anhydride-alt-1-octadecene) (PMAO) was added to a flask containing
195 mL of chloroform (CHCl3) and placed in an ultrasonic bath for 30 min
at room temperature. Subsequently, 10 mg of Fe mL−1 of MNPs in 5 mL
of CHCl3 were added dropwise, and the mixture was sonicated for an-
other 30 min. Afterward, the solvent was slowly removed under vacuum
(200 mbr, 40 °C) using a roto-evaporator. MNPs were then resuspended
in basified water (20 mL of NaOH 0.05 m) and rotavaped (200 mbr, 70 °C)
until complete evaporation of chloroform. At this point, the solution be-
came clear as MNPs were completely transferred into the water. To re-
move the excess of unbound polymer the MNPs solution was centrifuged
at 24 000 rpm for 2 h four times.

TAMRA-labeled MNPs were obtained using the same procedure but
previously modifying 1% of the PMAO monomers with a fluorescent dye
(TAMRA) under magnetic stirring overnight in chloroform.[36]

Functionalization with Glucose: Functionalization with glucose was
performed by incubating 1 mg Fe of MNPs with 15.6 μmol of
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC),
25 μmol of 4-aminophenyl 𝛽-d-glucopyranoside in 250 μL of SSB buffer
pH 9 (boric acid 50 mm and sodium borate 50 mm). After 3 h of incuba-
tion at room temperature, the ligand excess was removed by washing the
MNPs with phosphate-buffered saline (PBS 1X) pH 7.4 in a centrifugal fil-
ter with a membrane of 100 kDa molecular weight limit (Merck Millipore,
Darmstadt, Germany) four times. Finally, the MNPs functionalized with
glucose were stored at 4 °C for further use.
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Characterization of the MNPs and their catalytic activity: The MNPs’
size and shape were evaluated by TEM using a Tecnai T20 microscope (FEI,
Netherlands) working at an acceleration voltage of 200 kV. TEM samples
were prepared by depositing 5 μL of dilute solution on a copper grid (200
mesh) and drying it at RT prior to analysis. MNPs size distributions were
obtained by measuring more than 200 NPs with the Image J software. The
elemental analysis was performed using an inductively coupled plasma op-
tical emission spectrometry (ICP-OES) instrument (PERKIN ELMER mod.
OPTIMA 2100 DV). Typically, 25 μL of a MnxFe3−xO4 MNPs suspension
were digested in 1 mL of Aqua Regia (3:1 HCl:HNO3) at 60 °C overnight
and diluted upto a volume of 25 mL with deionized water. The samples
were measured in triplicates. The hydrodynamic diameters of MNPs and
zeta potential were measured using dynamic light scattering measure-
ments (Nanosizer ZS, Malvern, UK) at 25 °C. For the magnetic character-
ization, the MNP suspensions were lyophilized and measured as powder,
put into gelatine capsules, and immobilized with cotton wool. Hysteresis
loops were measured using a superconducting quantum interference de-
vice (SQUID, from Quantum Design) magnetometer at 300 K fields up
to 4000 kA m−1. The magnetic hyperthermia measurements of the MNPs
were performed in a Nanoscale Biomagnetics D5 series device. The CAL 2
coilset composed of an open glass dewar flask with a rotary vacuum pump
was used. The temperature change was measured with an optic fiber sen-
sor incorporated into the equipment (measurement range −40–200 °C).
Thermal measurements of MNPs in water were performed at 1 mg of Fe
mL−1 under a fixed frequency of 763 kHz and different intensities (3.8,
8, 16.8, and 28.8 kA m−1) of AMF for 300 s. The SAR values were ob-
tained with the initial linear slope method using the first 30 s of the heating
curves.

To assess the catalytic activity of the MNPs, two semi-quantitative as-
says were performed. The methylene blue degradation assay was per-
formed to determine the amount of ROS generated from the surface of the
nanoparticles, following a previously reported protocol.[22] Samples were
prepared using methylene blue 5 μg mL−1, MNPs 75 μg mL−1, and 30%
H2O2 245 mm in 1 mL of Hydra medium. As a control, Hydra medium was
mixed with methylene blue and 30% H2O2 at the aforementioned concen-
trations. The samples were incubated at RT for 30 min and centrifuged
for 45 min at 14 500 rpm. 200 μL were transferred into a 96-multiwell
plate, and the absorbance was measured at 665 nm using a Synergy H1
microplate reader (BioTek). To assess the redox capacity of the MNPs, BCA
assay was performed in accordance with a previously reported protocol.[82]

200 μL of BCA reagent was mixed with 200 μL of MNPs at a concentration
of 0,5 mg mL−1. As a control, 200 μL BCA reagent was mixed with 200 μL
of water. The samples were incubated for 2 h at 37 °C, then centrifuged
for 5 min at 10 000 rpm in a centrifugal filter with a membrane of 100 kDa
molecular weight limit (Merck Millipore, Darmstadt, Germany). 300 μL
were transferred into a 96-multiwell plate and the absorbance at 570 nm
was measured using a Synergy H1 microplate reader (BioTek). The ab-
sorbance of the control was assigned to 100% and the absorbance of the
samples was converted to percentage taking into account the reference of
this value.

Animal Culturing: Hydra vulgaris (strain Zurich) was asexually cultured
in Hydra Medium (HM: 1 mm CaCl2 and 0.1 mm NaHCO3, pH 7) ac-
cording to the method of Loomis and Lenhoof.[83] Polyps were kept at
18 °C with a 12:12 h light: dark regime and fed thrice a week with freshly
hatched Artemia salina nauplii. For all the experiments, polyps starved for
at least 12 h were selected from a homogeneous population. Hydra vul-
garis culturing and handling do not require ethical approval from national
authorities.

Toxicological Evaluation—Morphological Analysis: To evaluate the
MNPs biocompatibility, groups of ten polyps were soaked for 24 h with
culture medium supplemented with increasing doses of MNPs modified
with glucose (ranging from 0.5 up to 2 mg of Fe mL−1) in a 24-multiwell
plate at 18 °C. After treatment, polyps were washed in HM and morpho-
logical alterations were monitored and quantified in vivo by using a stere-
omicroscope (SZX7 Olympus) equipped with a digital color camera.[46,84]

Untreated polyps soaked in bathing HM were used as controls.
Toxicological Evaluation—Hydra Asexual Growth Rate: In a typical assay

to estimate the asexual growth rate of Hydra polyps, groups of six founder

polyps per condition were treated with 0.5 mg of Fe mL−1 overnight with
both MNPs-Glc, then washed and placed in a 24-well plate (1 animal per
well) to individually follow their growth rate. Untreated polyps at the same
developmental stage were used as controls. Founder polyps with at least
one bud were selected and all animals were fed once daily for 10 days.
The growth rate constant (k) of an exponentially growing group of animals
was determined according to Bosch and David.[85] k was determined from
ln(n/n0) = kt, where n is the number of animals per day (t) and n0 is the
number of founder animals at t0. Three independent experiments were
performed for each growth rate curve.

Uptake of MNPs in Whole Animals: The internalization and uptake of
MNP-Glc were evaluated using two different approaches described below:

Fluorescence Microscopy: To evaluate MNPs internalization, groups of
five polyps per condition were treated as described above with TAMRA-
labelled MNPs (0.5 mg of Fe mL−1). Prior to imaging, polyps were briefly
relaxed in 2% urethane in HM and fixed in paraformaldehyde 4% for
2 h at room temperature. The presence of internalized MNPs was eval-
uated by fluorescence microscopy (Nikon Eclipse Ti-E, Amsterdam, The
Netherlands) and images were acquired with the software Nikon NIS-
Element.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES):
The amount of iron uptaken per polyp was further measured by ICP-
OES spectroscopy analysis. 100 polyps were treated for 24 h with two
different doses of MNPs-Glc (0.5 or 1 mg of Fe mL−1) at 18 °C. Polyps
were then abundantly washed and sample digestion was performed at
90 °C for 1 h with HNO3. After resting overnight at room temperature,
digested samples were diluted in MilliQ water prior to ICP-OES analysis.

Magnetic Hyperthermia Treatment in Regenerating Polyps: To evaluate
the effect of MHT on Hydra regeneration rate, groups of 20 polyps were
placed into a 24-multiwell plate and incubated overnight with 0.5 mg of Fe
mL−1 of MNP1-Glc or MNP2-Glc in HM to a final volume of 400 μL. Af-
terward, polyps were washed and decapitated using a scalpel to perform
a sub-hypostomal cut (80% body length). Amputated polyps were then
collected in glass vials of 2 mL and exposed in staggered order 30 min
per cycle to an AMF (f = 763 kHz, 28.8 kA m−1), finding no signs of ad-
verse effects either macroscopically or by TUNEL assay (data not shown).
Throughout the magnetic stimulation, temperature changes in polyps
medium were measured with an optic fiber sensor Neoptix T1, finding in
all cases a maximum increase of 4 °C. To be sure that all experiments were
performed in controlled temperature conditions, control animals (AMF-
) were always incubated in a water bath at the same global temperature.
In a typical MHT assay, two cycles per day of magneto–thermal stimula-
tion were performed, 5 h separated from each other. Regenerative stages
were monitored using a stereomicroscope (SZX7, Olympus) and quanti-
fied at different time points (24, 30, 48, and 72 h) post-amputation (h p.a.).
The efficiency of regeneration was evaluated by comparing the percentage
distribution of regenerative stages for each experimental condition. Un-
treated polyps, whether exposed to AMF or not, were used as controls.

qRT-PCR Analysis in Whole and Regenerating Animals: Expression pro-
filing of selected genes in whole polyps or regenerating animals exposed
to MHT treatment was performed using qRT-PCR using the following pro-
tocols.

For whole animals, 15 polyps per condition were treated overnight with
MNP1-Glc or MNP2-Glc (0.5 mg of Fe mL−1) in HM. After treatment,
polyps were abundantly washed with HM and one cycle of MHT was per-
formed as described above (763 kHz, 28.8 kA m−1 for 30 min). RNA was
extracted at 0 h (immediately after AMF application) from treated and un-
treated polyps. Similarly, for regenerating animals, 20 polyps per condi-
tion were treated overnight with both MNPs-Glc (0.5 mg of Fe mL−1).
After treatment, polyps were abundantly washed with HM and head am-
putation was performed (sub-hypostomal cut). Decapitated polyps were
exposed to 2 or 3 cycles of AMF (763 kHz, 28.8 kA m−1) and RNA was
extracted from wound tips at 5 h and 24 h p.a. from treated and un-
treated polyps. For both analyses, total RNA extraction was performed
using the Total RNA Extraction Kit (Norgen Biotek, Corp.) following the
manufacturer’s instructions, and its concentration was determined by
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absorbance using Synergy H1 microplate reader (BioTek). First-strand
cDNA synthesis was obtained using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystem), following the manufacturer’s in-
structions, and qRT-PCR was performed using iTaq Universal SYBR Green
Supermix (Bio-Rad) in a CFX Opus 96 Real-Time PCR System (Bio-Rad).
For qRT-PCR amplification, the following cycling steps were used: initial
denaturation for 30 s at 95 °C, followed by 40 cycles at 95 °C for 5 s,
58 °C for 30 s. In addition, melting curves (from 60 to 95 °C, increment
0.5 °C) were generated to check any undesired amplification products.
HyEf1𝛼 was used as a reference gene and relative expression levels were
calculated using the delta–delta Ct (2−ΔΔCT) method.[86] Specific primers
for Hydra genes amplification were designed using the Primer3 software
(http://frodo.wi.mit.edu/primer3/) and NCBI primer-BLAST tool (https:
//www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table S3, Supporting Infor-
mation). Three independent biological replicates for each gene and con-
dition were carried out.

Direct Detection of ROS in Regenerating Polyps[65]: The Amplex Ultra-
Red (ThermoFisher Scientific, A36006) solution containing 100 μm Amplex
UltraRed and 0.2 U mL−1 of Horseradish peroxidase (HRP) was freshly
prepared prior to each assay. Ten animals per condition were treated
overnight with 0.5 mg of Fe mL−1 of MNP1-Glc or MNP2-Glc in HM. After
treatment, polyps were washed with HM and head amputation was per-
formed. Decapitated polyps were exposed to 1 AMF exposition (763 kHz,
28.8 kA m−1) for 30 min and immediately transferred with 50 μL of HM
into a 96-well microplate, with each well pre-filled with 50 μL of Amplex Ul-
traRed solution. The fluorescence intensities were recorded in a Synergy
H1 microplate reader (BioTek) for 30 min in 5 min increments with an ex-
citation/emission maxima 490/585 nm. The background value obtained
by measuring a well containing 50 μL of Amplex UltraRed solution diluted
in 50 μL HM, was subtracted from each result.

Biochemical Assays on Whole and Regenerating Polyps: For all biochem-
ical assays, a group of 20 polyps was treated following the same proto-
cols reported above (see Magnetic hyperthermia treatment in regenerat-
ing polyps and qRT-PCR analysis in whole and regenerating animals in the
Experimental Section). Whole polyps were collected after applying the first
cycle of MHT. Regenerating polyps were collected at 6 h p.a. in Eppendorf
tubes and homogenized to obtain a tissue extract that was analyzed with
different biochemical approaches below:

Total Antioxidant Capacity (TAC): Total antioxidant capacity was deter-
mined in homogenized Hydra cell extracts using the ferric reducing an-
tioxidant power (FRAP) assay as described previously.[30] Briefly, the re-
duction of Fe3+-TPTZ (iron[III]-2,4,6-tripyridyl-S-triazine) to Fe2+-TPTZ
by compounds with potential antioxidant activity in Hydra samples was
assessed in an acidic environment as judged by an increase of ab-
sorbance at 593 nm using an absorbance microplate reader. TAC was
calculated as Trolox equivalent antioxidant capacity (TEAC) and the re-
sults were normalized to samples taken from untreated control animals.

Levels of Free Thiols Measurement: Thiol levels were determined in ho-
mogenized Hydra cell extracts using ThiolTracker Violet Dye as a mea-
sure of the content of reduced glutathione (GSH) (T10096, Thermo
Fisher Scientific, Waltham, MA, USA). Briefly, the staining protocol was
applied according to the manufacturer’s instructions and the fluores-
cence was measured using a fluorescence microplate reader and excita-
tion/emission maxima of 404 and 526 nm, respectively. The fluorescence
results in fluorescence relative units (RFU) were normalized to samples
taken from untreated control animals.

Catalase Activity: Catalase activity in homogenized Hydra cell extracts was
measured using Catalase Assay Kit (CAT100, Merck KGaA, Darmstadt,
Germany). Briefly, the colorimetric assay was performed according to
the manufacturer’s instructions and after color development, the ab-
sorbance was read at 520 nm using an absorbance microplate spec-
trophotometer. The results were normalized to samples taken from un-
treated control animals.

Lipid Peroxidation Assay: Lipid peroxidation was evaluated in homoge-
nized Hydra extracts using Lipid Peroxidation Assay Kit (MAK085, Merck
KGaA, Darmstadt, Germany) as described previously.[11] Briefly, lipid
peroxidation was determined by the reaction of malondialdehyde (MDA)

with thiobarbituric acid (TBA) to form a fluorometric (𝜆Ex = 532/𝜆Em =
553 nm) product, proportional to the content of MDA. The fluorescence
results in fluorescence relative units (RFU) were normalized to samples
taken from untreated control animals.

Western Blot and Quantitative Analysis of Mitogen-Activated Protein Ki-
nases (MAPK) in Regenerating Polyps: To evaluate the activation of the
MAPK (pJNK and pERK) cascade in Hydra regenerating polyps after MHT
treatment, a group of ten polyps were treated following the same proto-
col already described under the head “Magnetic hyperthermia treatment
in regenerating polyps” in the Experimental Section. Polyps were exposed
to one AMF cycle and lysates were obtained 45 min p.a. using RIPA buffer
(Sigma–Aldrich). Protein concentration was quantified by absorbance us-
ing the Micro BCA assay kit (Thermo Fisher), according to the manufac-
turer’s instructions. 5 μg of protein per lane was mixed with 4X loading
buffer (SDS 4X, 5% v/v 2-mercaptoethanol), boiled 5 min at 95 °C and sep-
arated by SDS-PAGE using pre-casted gels (4–15% Mini-PROTEAN TGX
Gels, Bio-Rad). Proteins were then blotted on 0.2 μm nitrocellulose mem-
branes (Trans-Blot Turbo Transfer Pack, Bio-Rad) using a Trans-Blot Turbo
system (Bio-Rad) and selecting the 1.5 mm gel protocol (10 min, 1.3A
and 25 V). After blotting, membranes were blocked with 5% BSA in TBS-T
(Tween 0.1%) for 2 h and incubated at 4 °C with primary antibodies di-
luted 1:1000 in 1% BSA in TBST. The day after, membranes were washed
in TBS-T (three times, 10 min each) and incubated with HRP-conjugated
secondary antibody diluted 1:2000 in 1% BSA in TBS-T for 2 h at RT. Mem-
branes were then washed in TBS-T (four times,10 min each one) and bands
were detected applying a 1:1 mix of enhanced chemiluminescent reagent
(SuperSignal West Femto Maximum Sensitivity Substrate, Thermo-Fisher)
using a ChemiDoc Imaging System (Bio-Rad). To evaluate loading con-
trols, the same membranes were incubated in a mild stripping solution
(1.5% w/v glycine, 0.1% w/v SDS, 1% v/v Tween 20, pH 2.2) for 10 min at
37 °C and then another 20 min at room temperature. After stripping, mem-
branes were blocked and incubated with primary antibodies as described
above. After washing, membranes were incubated with HRP-conjugated
secondary antibody diluted 1:10000 in 1% BSA in TBS-T for 2 h at RT,
washed four times, and bands were revealed as previously described.

Adjusted density for each band was calculated using Image J soft-
ware and density signals were normalized compared to loading con-
trol signal and/or corresponding total protein levels. Primary Antibodies:
phospho-ERK1/2T202:Y204 (Cell Signaling Technology, #4370), phospho-
SAPK/JNKT183:Y185 (Cell Signaling Technology, #4668), and mouse anti-
𝛼tubulin as loading control (Sigma Aldrich, #T6199). Secondary antibod-
ies: HRP-conjugated polyclonal goat anti-rabbit IgG (Dako, #P0448) and
HRP-conjugated polyclonal goat anti-mouse IgG (Dako, #P0447).

Statistical Analysis: All data (without previous modification) are pre-
sented as mean ± standard error of the mean (SEM). One-way and two-
way analysis of variance (ANOVA) and Tukey and Bonferroni post hoc tests
were applied to calculate the differences between the values. Values of
p < 0.05 were considered statistically significant. All statistical analysis
was performed using the Prism 9.5 software.
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