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A B S T R A C T

Passive antibiotic release from implanted depot systems often leads to sub-therapeutic dosing, which in some 
cases may increase the risk of bacterial resistance. Addressing this limitation requires precise, controllable dosing 
strategies that do not rely on additional surgical interventions. To this end, this work presents a core–shell depot 
microcapsule system that enables externally controlled, on-demand antibiotic release using radiofrequency (RF) 
heating. The microcapsules (d ≈ 500 µm) consist of a norfloxacin-loaded wax solid core and a dually crosslinked 
methacrylated alginate shell containing superparamagnetic iron oxide nanoparticles (SPIONs). RF-induced 
heating of the SPIONs triggers the melting of the wax core, initiating drug release only when required, 
enabling precise repeated delivery up to 10 times. The dual-crosslinked shell ensures structural integrity, 
maintaining prolonged stability under physiological conditions. Mathematical and experimental models confirm 
the thermal safety of the process. Furthermore, antibacterial efficacy was validated on Escherichia coli-coated 
agar plates and in ex vivo animal tissue model, showing significant bactericidal effects in vitro. The findings 
highlight a promising approach for targeted, responsive antibacterial treatment while minimizing the risks of 
resistance development.

1. Introduction

The growing need for more precise, responsive, and patient-tailored 
therapies has driven intense research efforts toward advanced drug 
delivery strategies capable of adapting to disease-specific biochemical 
and biological signals. In this broader context, concepts emerging from 
smart closed-loop drug delivery—where therapeutic action is informed 
by real-time physiological or pathological cues—have underscored the 
importance of spatiotemporal control over drug release, particularly in 
conditions characterized by localized and evolving disease states. (Paci 
et al., 2025; Mendez et al., 2024; Pelkey et al., 2023) Parallel advances 
in stimuli-responsive biomaterials and implantable delivery platforms 
have laid the groundwork for next–generation therapeutic depots with 
unprecedented levels of control. (Sun et al., 2024; Zheng et al., 2021; Lu 
et al., 2023).

Despite significant advances in implantable therapeutic and diag
nostic platforms, many existing systems are fabricated from non- 
biodegradable materials and therefore require surgical removal once 

their functional lifetime has elapsed. (Kluin et al., 2013) Such secondary 
interventions are inherently undesirable, as they increase the risk of 
infection, impose additional physical and psychological burden on pa
tients, and contribute to higher healthcare costs. (Xi et al., 2021) In 
parallel with efforts aimed at improving control over drug release, 
substantial attention has also been directed toward the development of 
transient and bioresorbable implantable materials, with the aim of 
reducing long-term material retention and the need for device retrieval. 
(Li et al., 2018; Brenckle et al., 2015).

One particularly compelling example where such advanced material 
concepts could offer substantial benefits is local antibiotic drug depots. 
By enabling localized delivery directly at the site of infection, antibiotic 
depots can achieve high local drug concentrations while reducing sys
temic exposure. (Gao et al., 2018) Importantly, depots designed to 
provide controlled, temporally defined antibiotic release offer a prom
ising route toward administering antibiotics only when needed, while 
minimizing unintended exposure outside defined treatment windows.

Local antibiotic depots are already widely employed in clinical 
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practice, particularly in post-surgical settings such as orthopedic in
terventions, dental surgery, and the management of implant-associated 
infections, where the risk of local bacterial contamination is high. These 
depots are typically designed to provide sustained, localized antibiotic 
release directly at the surgical site, with the aim of preventing infection 
and reducing the need for repeated systemic administration. (Shah and 
Hong, 2022; Li et al., 2022; Pandya et al., 2023; Wassif et al., 2021; 
Fuglsang-Madsen et al., 2024).

Most clinically used depot formulations—such as drug-loaded poly
mer beads, antibiotic bone cements, and injectable in situ-forming 
depots—rely on passive diffusion- or erosion-controlled release, result
ing in continuous, predefined release profiles with limited control over 
the timing and rate of antibiotic delivery, which can promote prolonged 
exposure to sub-therapeutic drug concentrations, particularly at later 
stages of depot depletion. (Saklani et al., 2022; Butreddy et al., 2021; 
Xiong et al., 2024; Wassif et al., 2021; Ter Boo et al., 2016) Such 
exposure profiles are widely recognized to impose selective pressure on 
bacterial populations, thereby promoting bacterial adaptation and the 
emergence of antibiotic resistance. (Yarahmadi et al., 2025; Andersson 
and Hughes, 2014) This concern is especially pronounced in post
–surgical and implant-associated infections, where bacteria are exposed 
to sustained local antibiotic levels over extended periods and where 
biofilm formation and impaired drug penetration further exacerbate 
resistance development. (Wassif et al., 2021; Liu et al., 2024; Turner 
et al., 2019) The World Health Organization estimates that antibiotic- 
resistant bacteria are responsible for around 700,000 deaths annually, 
with this number potentially escalating to 10 million by 2050. (Naghavi 
et al., 2024; Tang et al., 2023).

Among externally triggered drug delivery systems, radiofrequency 
(RF)-induced heating has attracted considerable interest due to its 
ability to achieve non-invasive, localized activation in deep tissues. 
(Mahmoudi et al., 2018; Fan et al., 2025) RF-responsive systems typi
cally incorporate magnetic nanoparticles that convert electromagnetic 
energy into heat, enabling on-demand drug release from thermally 
sensitive carriers. (Liu et al., 2019) Such approaches have been explored 
in applications ranging from magnetic hyperthermia for glioblastoma 
treatment to controlled drug delivery. (Rivera et al., 2025; Ozel et al., 
2025) Although RF-triggered systems require external activation and 
careful control of thermal safety, they offer precise temporal control 
over dosing and repeated activation of implanted depots, making them 
particularly attractive for localized therapies requiring intermittent drug 
administration. (Sun et al., 2020).

The ability to trigger drug release on demand is particularly attrac
tive for local antibiotic therapy. An ideal local antibiotic depot would be 
capable of delivering high, bactericidal drug concentrations within 
clearly defined treatment windows, while minimizing or completely 
avoiding antibiotic exposure outside the required periods. Such tem
poral control over antibiotic availability would reduce unintended se
lective pressure on bacterial populations and align drug delivery more 
closely with the actual therapeutic demand at the infection site.

In this work, we present a local antibiotic depot that enables exter
nally controlled, on–off antibiotic delivery using RF heating. The system 
is based on a core–shell depot architecture (Fig. 1a, b) in which localized 
RF-induced heating triggers antibiotic release only at defined time 
points, thereby decoupling drug delivery from continuous passive 
diffusion and allowing bactericidal concentrations to be generated when 
required while avoiding unintended low-dose exposure between treat
ment \windows. To demonstrate the practical functionality of this 
approach beyond simplified in vitro models, the depot performance is 
evaluated in a complex biological matrix, providing an important in
termediate validation step prior to future in vivo studies of externally 
triggered antibiotic delivery systems.

2. Materials and methods

2.1. Chemicals

Kanamycin was obtained from Carl Roth GmbH, Germany. Ammo
nium hydroxide solution was purchased from Honeywell. Calcium 
chloride (anhydrous) was obtained from Lach-Ner. Acetonitrile, ascorbic 
acid, hydrochloric acid 35%, sodium chloride, yeast extract, and tryp
tone for bacterial cultivation were obtained from Penta. Rubitherm RT 
42 paraffin wax was obtained from Rubitherm Technologies GmbH, 
Germany. Agar and dextran from Leuconostoc spp., and 1,10 phenan
throline, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo
ride, 2-aminoethyl methacrylate, 2-hydroxy-2-methylpropiophenone 
(Irgacure 1173), ammonium acetate, ammonium phosphate monobasic, 
atenolol, HEPES, hydroxylamine, iron (II) chloride tetrahydrate, iron 
(III) chloride hexahydrate, MES buffer, N-hydroxysuccinimide, nor
floxacin, phosphate-buffered saline (tablets), resazurin sodium salt, so
dium alginate, sodium borohydride, and sorbitan monooleate (SPAN 80) 
were obtained from Sigma-Aldrich. Frozen chicken breasts were pur
chased from Vodňanská drůbež, a.s. Deionised water (deH2O) (con
ductivity < 1 µS/cm) was produced by the Aqual 25 ionex device (Aqual, 
Czech Republic).

2.2. Cultivation of bacteria

All bacterial manipulation was performed in a laminar box under 
sterile conditions. Luria-Bertani (LB) medium for bacterial cultivation 
was prepared by dissolving LB salt mixture (10 g Tryptone/Peptone, 5 g 
yeast extract, 5 g NaCl) in deionized water (1 L) adjusted to pH 7.2 – 7.4 
with 1 M NaOH. The Escherichia coli K12 (E. coli; EC43: classified as a 
low biological risk organism) was cultivated at 37 ◦C. For the prepara
tion of solid medium used for agar plates, agar (1.5 g) was added per 
100 mL of liquid LB medium.

2.3. Statistical evaluation

Data are expressed as the mean ± standard deviation (SD) of at least 
triplicates. Where applicable, statistical analysis was performed using 
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 
test. Differences were considered statistically significant at p < 0.05.

2.4. Synthesis of dextran-stabilized superparamagnetic iron oxide 
nanoparticles

The superparamagnetic iron oxide nanoparticles (SPIONs) were 
synthesized as follows. Dextran (4  g) was dissolved in deionized water 
(40  mL; deH2O) at 25 ◦C. After complete dissolution, NaBH4 (0.08  g) 
was added, and the mixture was stirred for 12  h. The pH was adjusted to 
5 with 6 M HCl, followed by dialysis against deH2O for 24  h (MWCO 14 
kDa). The reduced dextran was lyophilized and stored in the fridge for 
later use.

For SPIONs synthesis, FeCl3⋅6H2O (0.3 g) and FeCl2⋅4H2O (0.15 g) 
were dissolved in degassed deH2O (10 mL) and transferred to a 50 mL 
boiling flask with a magnetic stirrer and reflux condenser under nitro
gen. Separately, reduced dextran (0.3 g) was dissolved in deH2O (25 mL) 
and added to the iron salt solution. The mixture was heated to 85 ◦C and 
stirred at 350 rpm. After 10 min, 25% NH4OH (2 mL) was added, 
resulting in a black precipitate. The reaction continued for 60  min at 
85 ◦C, then cooled to room temperature.

The nanoparticle suspension was dialyzed against deH2O to neutral 
pH and concentrated using rotary evaporation to a final iron concen
tration of 1.04 mg⋅mL− 1, measured by the phenanthroline method 
(described below), and was stored in a fridge.
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2.5. Iron quantification in superparamagnetic iron oxide nanoparticles

A solution of 1,10-phenanthroline was prepared by dissolving 
ammonium acetate (19 mg), hydroxylamine (3 mg), and 1,10-phenan
throline (10 mg) in deH2O (10 mL). SPIONs (0.1 mL), prepared as 
described above, were dried and dissolved in concentrated HCl (1 mL; 
35%). Then, the resulting solution (10 µL) was mixed with the phe
nanthroline reagent (400 µL) and deH2O (1590 µL). The samples were 
stored in the dark for at least 6 h to allow full color development before 
measurement.

Absorbance was then measured using UV–VIS spectroscopy. Iron 
concentration was calculated from a calibration curve prepared using 
iron (II) chloride tetrahydrate (λmax = 512  nm, y = 0.2024x + 0.0045, 
R2 = 0.9998).

2.6. Radiofrequency heating of superparamagnetic iron oxide 
nanoparticles

Radiofrequency (RF) stimulation was performed using a 900 kHz 
generator (PowerCube 64/900, CEIA, Italy) equipped with an insulated, 
water-cooled, two-loop copper induction coil (20 mm inner diameter). 
Samples (700 μL) were placed in 1.5 mL plastic vials positioned at the 
center of the coil. Temperature was monitored in real time using a fiber 
optic thermometer (Neoptix ReFlex, Canada), with the probe inserted 
directly into the sample. Temperature readings were recorded at 1-sec
ond intervals.

Specific absorption rate (SAR) number was calculated from the slope 
of the heating curve and iron mass fraction of SPIONs using the 
following equation: 

SAR =
cH2O • wH2O + cFe • wFe

wFe
• a (1) 

where a = slope, cH2O = 4.18 J⋅g− 1⋅K− 1, cFe = 0.65 J⋅g− 1⋅K− 1, wH2O is 
water mass fraction, and wFe is iron mass fraction.

2.7. Antibiotic micronization in a high-melting matrix

Crude norfloxacin (NFX) crystals were milled in molten wax RT 42 
(50  mg NFX per 1 g RT 42) with sorbitan monooleate (SPAN80, 25  mg 
per 1  g RT 42) as a surfactant, using ZrO2 beads (5 g; 400–500 μm 
diameter). Milling was performed in a glass vial containing a magnetic 
stir bar, stirred at 1400 rpm for 24 h. The vial was placed in a 50 ◦C oil 
bath to ensure uniform heating and minimize evaporation.

2.8. Methacrylation of alginate

To enable covalent crosslinking that ensures stability under physio
logical conditions and preserves the functionality of the depot system, 
alginate was functionalized with methacrylate groups using 2-amino
ethyl methacrylate (AEMA). This modification introduces reactive 
groups, allowing covalent crosslinking in subsequent steps, thereby 
enhancing resistance to degradation in the presence of monovalent ions.

The synthesis followed a modified protocol based on published 
methods. (Jeon et al., 2009; Somo et al., 2018) A buffer solution (pH 6.5) 
consisting of 2-morpholinoethanesulfonic acid (0.05 M) with sodium 
chloride (0.5 M) was prepared in a 500 mL flask. Sodium alginate (2 g) 
was added to obtain a 1% w/v solution. After complete dissolution, N- 
hydroxysuccinimide (0.53 g; NHS) and 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide hydrochloride (1.75 g; EDC) were added to acti
vate the carboxyl groups. After 5 min, AEMA (0.76 g) was introduced, 
and the solution was stirred at 250 rpm for 24 h at room temperature.

The modified alginate was precipitated three times with excess 
acetone, redissolved in 200  mL of deH2O, and dialyzed (MWCO 14 kDa) 
against deH2O for 3 days. The resulting methacrylated alginate (MAlg) 
was sterile-filtered (0.22 μm) and lyophilized. Upon these reaction 

conditions, the degree of methacrylation is estimated at approximately 
10%. (Jeon et al., 2009; Somo et al., 2018).

2.9. Characterization of methacrylated alginate by nuclear magnetic 
resonance

To verify the presence of the methacrylate group in the sample of 
MAlg, the 1H and 13C spectra were measured using nuclear magnetic 
resonance (NMR). Samples were dissolved in deuterated water (HDO, 
99.9% of deuteration). All NMR spectra were recorded on a 500 MHz 
ECZ 500R instrument (JEOL, Tokyo, Japan) at various temperatures in 
order to obtain better resolution and/or the convenient position of the 
HDO signal. The 1H and 13C chemical shifts are indicated in ppm 
referenced to tetramethyl silane (TMS) using the deuterium lock signal 
(HDO signal is 4.67 ppm at 47 ◦C and 4.16 ppm at 72 ◦C in 1H NMR 
spectra). The 2D spectra were recorded via standard experiments uti
lizing the nonuniform sampling (not for NOESY) and processing with a 
linear prediction. The NMR spectra were processed via MestReNova 
software (Mestrelab Research S.L., version 14.2.1).

2.10. Preparation of depot microcapsules

Core–shell microcapsules were prepared as previously described by 
our team, using a Büchi B-395 Pro encapsulation system with a 
concentric nozzle. (Navrátil et al., 2022) The shell phase consisted of 2% 
MAlg and SPIONs at iron concentration of 0.52 mg⋅mL− 1. The core phase 
was the norfloxacin–RT42 wax suspension, used directly after 24  h of 
milling.

Both phases were delivered via syringe pumps, and the entire 
encapsulation system was maintained at 50 ◦C to prevent solidification 
of the molten core phase during processing. The shell phase was pumped 
at 6.2  mL⋅min− 1 and the core phase at 1.0 mL⋅min− 1. Droplets (= early- 
stage microcapsules) were formed using a two-fluid nozzle (inner 
diameter: 120  μm; outer diameter: 300 μm) operated at 1100 Hz and 
electrostatically separated at 1500 V.

The microcapsules were collected in a crosslinking bath containing 
0.1 M CaCl2, 10 mM HEPES, and 0.05% (w/v) photoinitiator 2-hydroxy- 
2-methylpropiophenone (Irgacure 1173). The calcium ions induced 
immediate ionic crosslinking of the hydrogel shell. At the same time, the 
ambient temperature of the bath caused rapid solidification of the wax- 
based core phase. The incorporated photoinitiator enabled subsequent 
covalent crosslinking of the shell, which was achieved by UV irradiation 
(λ = 365 nm) for 10 min. The target composition of the final micro
capsules was 83.7 wt% RT42 wax, 4.5 wt% norfloxacin, 0.5 wt% 
SPIONs, and 11.3 wt% crosslinked MAlg.

2.11. Spatial-dependent RF heating

Drug release from the depot microcapsules is triggered by melting 
the wax core in response to a localized temperature increase. This is 
achieved by harnessing the heat dissipated by SPIONs upon exposure to 
an RF magnetic field.

To establish an effective RF heating protocol for in vitro drug release 
studies, we evaluated the time required to raise the temperature of the 
alginate matrix from 37 ◦C to 42 ◦C as a function of distance from the coil 
center. Heating performance was assessed using a small marble of 
crosslinked MAlg hydrogel with embedded magnetic nanoparticles (2% 
MAlg, 0.52 mg⋅mL− 1 iron concentration). The hydrogel marble was 
formed directly on a temperature probe, and heating was measured at 
distances of 0, 1, 2, 3, 4, 5, and 6  cm from the center of the RF coil.

2.12. Computational heat-transfer and phase-change model

To describe the thermal behavior and phase transition of a wax- 
based core in a hydrogel shell properly, a mathematical model of a 
spherical drug depot was developed. The depot is represented by three 
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concentric regions: a wax core of radius R1 = 100 μm, a heat–generating 
shell extending to R2 = 300 μm, and a surrounding tissue region 
modelled up to R3 = 2000 μm. The surrounding medium and the shell 
are treated as water initially at 37 ◦C, with temperature-dependent 
density, ρ, and heat capacity, cp. The thermal conductivity, λ, in the 
relevant temperature range (37–42 ◦C) is approximately 0.6 W⋅m− 1⋅K− 1. 
Transient heat transfer in each region is governed by the spherical heat 
equation with a volumetric heat source, VAR, in the shell corresponding 
to the SAR of the magnetic nanoparticles. At the outer boundary of the 
domain, convective exchange with the bulk tissue is described by a 
Robin boundary condition with an effective heat transfer coefficient α =
2Nuλ
R2

, where, using Nu = 2 and λ = 0.6 W⋅m− 1⋅K− 1 gives α ≈ 8 × 103 

W⋅m− 2⋅K− 1. The wax core is assigned separate properties for the solid 
and liquid phases and a latent heat of fusion, and melting is captured via 
an enthalpy formulation: once the local temperature reaches the melting 
point Tm = 42 ◦C, additional energy is stored as latent heat until the 
phase change is complete. The governing equation for each control 
volume reads: 

ρ(r)cp(r)
∂T
∂t

=
1
r2

∂
∂r

(

r2λ
∂T
∂r

)

+VAR. (2) 

The governing equation is discretized in the radial direction using the 
finite volume method on a spherical grid, and the resulting system of 
ordinary differential equations is integrated in time using an implicit 
ODE solver (ODE15s) in MATLAB R2025b.

2.13. Long-term stability of depot microcapsules

The stability of dual crosslinking of the alginate was examined by 
comparing its performance to only ionically crosslinked microcapsule in 
the phosphate-buffered saline (PBS) solution to mimic physiological 
ionic strength. Both microcapsules were stored in PBS for 24 h. The 
structure of the shell was observed under the microscope at three time 
points: t = 0, 1, and 24 h. The PBS was not added during this time frame 
and there was no more manipulation with the microcapsules. This 
experiment was repeated after 1 year to verify the stability over time.

2.14. Drug release and loading capacity

To determine the maximum number of cycles and amount of nor
floxacin that can be released from a single depot microcapsule, the 
following experiment was performed. Ten microcapsules containing 
norfloxacin were placed in a 200 μL vial containing CaCl2 (100 μL). 
CaCl2 was used regarding the developed analytical method. The vial was 
placed in the coil so that the microcapsules were 1.4 cm from the center 
of the coil (to fit the distance at which the antibacterial tests were per
formed). 1, 5, 10, and 15 cycles were applied on the microcapsules. 
Every set of cycles was done in triplicate. NFX quantification was carried 
out by high-performance liquid chromatography (HPLC), as described 
below.

The loading efficiency was determined by comparing the theoretical 
NFX content calculated from the microcapsule composition with the 
experimentally determined NFX content. For experimental quantifica
tion, 10 microcapsules (in triplicate) were dissolved overnight in 
methanol at 52 ◦C and the NFX content was determined by HPLC.

2.15. Drug quantification by high-performance liquid chromatography

The concentration of norfloxacin released from the microcapsules 
was determined by HPLC. The measurements were performed using 
Agilent 1100 Series HPLC system with a reverse phase column (Waters, 
Symmetry® C18 3.5 µm, 4.6 mm x 75 mm). The separation of nor
floxacin and other components, such as photoinitiator, present in the 
solution was achieved using gradient elution. The mobile phase con
sisted of A: ammonium phosphate buffer (10 mM, pH 2.5) and B: 

acetonitrile. A mixture of 10% B and 90% A was used with a flow rate of 
1 mL⋅min− 1 for 1.5 min, and then the ratio was changed to 80:20 for 5 
min, maintaining the same flow rate. In the end, the ratio was changed 
back to 10:90 for another 1.5 min. A diode array detector was used for 
detection at 276 nm, and the column temperature was maintained at 
30 ◦C.

2.16. Antibacterial properties on bacteria-coated plates

Following experiments aimed to demonstrate the ability of the 
microcapsule depot system to kill bacteria upon RF exposure via 
controlled drug release. Thanks to the unique core–shell structure, heat 
generated by SPIONs accumulates within the wax core, leading to its 
melting while minimizing heat dissipation to the surrounding environ
ment, thereby preventing thermal damage to the living system.

A disc diffusion assay was performed using agar plates coated with 
Escherichia coli (E. coli) and varying numbers of microcapsules, followed 
by RF exposure (Fig. 3a). Agar plates (ø 5.5 cm) were inoculated with 
E. coli in LB medium (7.5 µL; OD600 = 0.4). Subsequently, 5 or 10 mi
crocapsules were placed directly onto the surface of the bacteria-coated 
agar. The plates were then positioned on the RF coil at 1.4 cm from the 
center and subjected to 0, 1, or 5 RF heating cycles. As a negative con
trol, microcapsules without the antibiotic but with otherwise identical 
composition were used. As a positive control, 10 µL of free NFX solution 
(5, 10, 20 µg⋅mL− 1) was applied on the paper disc directly on the agar 
plates, and these controls were treated without the RF exposure.

After RF exposure, the plates were incubated at 37 ◦C for 24 h to 
allow bacterial growth and the formation of inhibition zones. Antibac
terial efficacy was evaluated by measuring the size of the inhibition 
zones relative to the number of microcapsules and the number of RF 
cycles applied.

2.17. NFX bactericidal concentration

For further experiments we moved on to verify efficacy of the system 
in a biological matrix mimicking the environment, where this depot is to 
be used, i.e., surrounded by skeletal muscle tissue. For this reason, we 
selected infected animal tissue for further testing of the antibacterial 
effect. Since meat is a complex matrix and exhibits many interferences 
for most analytical methods used for bacteria quantification, it was 
necessary to develop a method that would work reliably in this setup, 
which in our case proved to be a modified resazurin assay.

The NFX bactericidal concentration and time for the transformation 
of resazurin to resorufin by living bacteria cells was established during 
the optimization process. The measurement was performed using a 
fluorescent well–plate reader Tecan Infinite M200 (excitation 560 nm, 
emission 590 nm, focus depth 17,000 µm, gain 70). The reaction time of 
resazurin with living bacterial cells was examined. In a 96-well plate, 
E. coli in LB medium (50 µL; OD600 = 0.5) was inoculated, and various 
concentrations of NFX (50 µL) was added to achieve a final concentra
tion of the antibiotic to be 200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 
0.39, 0.20, and 0.10 µg⋅mL− 1. The amount of inoculated bacteria was 
calculated as one third of the amount needed for an infection outbreak in 
human body (100,000,000 cells⋅mL− 1). After 30 min, 0.3 mg⋅mL− 1 

resazurin solution (50 µL) was added. The fluorescence was measured 
after 30, 90, and 180 min. As a positive control, the final concentration 
of 14.5 µg⋅mL− 1 of the last-resort antibiotic polymyxin B was used. As a 
negative control, only PBS solution was added to the inoculated bacte
ria. All samples were prepared in quadruplicate.

2.18. Antibacterial effect in animal tissue

Microcapsules were then tested in raw meat using the optimized 
resazurin assay (Fig. 3d). Chicken breast was cut into equal slices with a 
thickness of 1 cm. Each slice was placed on a petri dish, and a small 
wound was made, where the E. coli in LB medium (50 µL; OD600 = 0.5) 
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was inoculated with microcapsules (50.0 ± 0.5 mg, corresponding to 
200 – 300 microcapsules), with or without the NFX, and the wound was 
closed. This number of microcapsules should be able to release 10 times 
more antibiotic after 3 cycles than the highest concentration used for the 
optimization of the resazurin assay. Such a high amount of antibiotic 
was chosen to ensure the desired bactericidal effect, as there is no exact 
knowledge of the diffusion of bacteria and the antibiotic in this setup. All 
samples were prepared in triplicate. As positive controls without RF 
exposure NFX solution of various concentrations (10, 50, 100 µg⋅mL− 1; 
50 µL) was added to the inoculated bacteria. A calibration curve was 
created similarly, with bacteria (50 µL) inoculated in the wound at 
different OD600 of 0, 0.15, 0.3, and 0.5. Calibration samples were pre
pared in triplicate as well.

The petri dishes containing meat with microcapsules were positioned 
on the RF coil at a distance of 1.4 cm from the center and subjected to 
0 or 3 RF heating cycles. After the exposure, a 1 cm3 cube was cut out of 
the meat around the wound, and the cube was placed in a 24-well plate 
and covered with LB medium (1 mL). The well plate was placed in the 
shaker. After 10 min, 1 mg⋅mL− 1 resazurin solution (100 µL) was added 
and allowed to react for another 60 min. 100 µL from each sample was 
pipetted into a 96–well plate in triplicate and then measured. The 
number of living bacteria was calculated according to the calibration 
curve.

The temperature increase in the vicinity of the microcapsule-loaded 
wound was also measured to support the conclusions about thermal 
safety of the formulation. Fiber optic thermometer was placed in the 
tissue in 2 mm distance of the wound with microcapsules and the tem
perature was measured for the whole 7.5-minute cycle.

3. Results and discussion

3.1. Structure and characterization of microcapsules

Core–shell microcapsules with a diameter of approximately 500 µm 
were prepared using a Büchi B395 Pro encapsulation system equipped 
with a temperature-controlled concentric nozzle (Fig. 1a). The resulting 
architecture consists of a solid, antibiotic–loaded wax core surrounded 
by an alginate-based hydrogel shell containing immobilized super
paramagnetic iron oxide nanoparticles (SPIONs). Upon exposure to a 
radiofrequency (RF) field, the SPIONs generate localized heat, inducing 
melting of the wax core and triggering drug release exclusively during 
the molten state. This design enables controlled and repeatable on–off 
release behavior, as demonstrated in Fig. 1b.

The milling of the antibiotic norfloxacin (NFX) directly in the chosen 
wax RT 42 with surfactant SPAN80 resulted in a suspension comprising 
micro–sized crystals. Even dispersion of crystals and a small amount of 
aggregates were observed in the suspension. The resulting drug crystals 
exhibited sizes below 4 µm (Fig. 1c). The loading efficiency of the NFX 
inside the microcapsules was determined to be 94% (on average 0.75 µg 
of NFX per microcapsule).

Successful methacrylation of sodium alginate was confirmed by NMR 
spectroscopy. The comparison of the methacrylated alginate (MAlg) 1H 
NMR spectrum with that of the unmodified sodium alginate clearly 
highlights the presence of several methacryloyl groups (Fig. 1d). 
(Grasdalen and High-field, , 1983; Vilén et al., 2011; Sperger et al., 
2011; Jensen et al., 2015; Knotek et al., 2023) To prove the methacryloyl 
groups are covalently bound to alginate units, we recorded 2D COSY, 
NOESY, HSQC, and HMBC NMR spectra (see Supplementary 
Information; NMR-1 – NMR-4). We identified a chain of correlations 
which suggest the covalent connection of 2-aminoethyl methacrylate 
(AEMA) to a carbonyl group (Fig. 1e).

3.2. Stability of microcapsules

The dually crosslinked (ionic + covalent) microcapsules exhibited 
superior integrity compared to the ionically crosslinked ones when 

exposed to salts, as confirmed by an experiment using PBS. The shell of 
the ionically crosslinked microcapsule started to dissolve after only one 
hour (Fig. 1f – top). The dually crosslinked microcapsule shell remained 
unchanged even after 24 h (Fig. 1f – middle). The stability of the dually 
crosslinked microcapsules stored in the fridge for one year was 
confirmed, with the same results (Fig. 1f – bottom).

3.3. SPIONs’ heating ability

The SPIONs were synthesized and characterized as described previ
ously; the mean size of the nanoparticle cores evaluated from trans
mission electron micrographs in the dry state was 5.6 ± 0.9 nm. The 
mean hydrodynamic diameter measured by dynamic light scattering in 
the wet state was d = 104 ± 58 nm (polydispersity index = 0.185). X-ray 
diffraction analysis of the prepared nanoparticles shows the magnetite 
(Fe3O4) to maghemite (Fe3O4.5) ratio 2/3. (Navrátil et al., 2022).

The specific absorption rate (SAR) number was estimated at 790 
W⋅g− 1. The SPIONs’ ability to create heat upon exposure to radio
frequency (RF) field while encapsulated in alginate was tested at 
different distances from the RF source (Fig. 2a). Fig. 2e shows the time 
required to heat the system from the physiological temperature (37 ◦C) 
up to the wax core melting point (42 ◦C). From these data, it is apparent 
that even at medically relevant distances from the RF source (in units of 
centimeters) the required temperature is reached within less than 10 
min. For the specific case of a 1.4 cm distance (as used for antibacterial 
testing), one heating cycle exhibited a temperature profile as shown in 
Fig. 2b, which was achieved by adjusting the power output of the RF 
source (6.5 min at 100% and then decreased to 45% for 1 min).

3.4. Heating profile of the microcapsules

An experimental measurement of the temperature profile in the 2 
mm distance from the microcapsules inserted in the ex vivo tissue model 
shows that the surrounding tissue does not suffer any heating during the 
release (Fig. 2e). These conclusions were also strengthened by the 
mathematical model of a simplified spherical microcapsule in medium 
initially at 37 ◦C outputs spatial–temporal temperature fields and local 
melting progress, as can be seen in Fig. 2c, d. According to the results, 
the wax core successfully reaches the melting temperature and initiates 
phase transition, enabling drug release. Importantly, the temperature of 
the surrounding tissue never exceeds 42 ◦C, indicating that the drug 
release process does not cause thermal damage in the biological envi
ronment. These findings suggest that thermally triggered delivery using 
magnetically heated depots may be a safe strategy for localized therapy.

3.5. System capacity

The capacity of the microcapsules was studied to find the maximum 
amount of antibiotic (NFX) that can be released, and to identify how 
many heating cycles need to be applied to achieve this state (Fig. 2f). 
Concentration of released NFX was analyzed using HPLC. Thanks to the 
covalent crosslinking of the MAlg, the wax cores remain enclosed in the 
hydrogel shells of the microcapsules even after multiple cycles are 
applied. The results are shown in Fig. 2g.

The concentration released from the microcapsules followed a sta
tistically significant increase for 1, 5, and 10 cycles (n = 10 microcap
sules in triplicates). Between the 10th and the 15th cycle, the 
concentration remained statistically not significant. Therefore, it seems 
that applying 10 cycles results in releasing the maximum amount of 
NFX. A relatively high standard deviation is believed to be caused by 
inconsistency in the number or size of the wax cores in the microcap
sules (see Supplementary Information PAR-1). After 10 cycles, approx
imately 51% of the total NFX from the particle was released. Incomplete 
release likely arises from slow NFX diffusion, partial trapping in the 
core, and slight local saturation under limited mixing. The incomplete 
release of NFX is not attributable to saturation of the outer solution, 
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since the measured NFX concentration is more than tenfold lower than 
the saturation concentration.

3.6. Antibacterial properties on agar plates

Based on these results, the antibacterial assay was designed. 5 and 10 
microcapsules were placed on an agar plate coated with bacteria E. coli 
(OD600 = 0.5) and placed at a distance of 1.4 cm above the center of the 
RF source (Fig. 3a). 1 and 5 RF cycles were applied on these agar plates.

The results demonstrate that the on/off controlled release ability of 
the system translates into inhibition of bacterial growth, where the area 
of the inhibition zones increases with the number of microcapsules and 
cycles applied. The results are shown in Fig. 3b, c, where the inhibition 
zones are compared, and their areas are plotted according to the number 
of cycles. The negative control (“CTRL”, microcapsules without NFX 
exposed to 5 cycles) confirms that the bacteria are not killed due to the 
produced heat but because of the released antibiotic. The inhibition 
zone formed around the microcapsules which were not exposed to RF 
field (“0 cycles”) is presumably caused by the release of a small portion 

of the antibiotic which was dissolved in the shell of the microcapsules 
prior to their application to the agar plates. Results from the free nor
floxacin controls are available in Supplementary Information (ATB-1).

3.7. Antibacterial properties in animal tissue

After verifying functionality on agar plates, the logical next step is to 
verify efficacy of the system in a biological matrix mimicking the 
environment, where this depot is to be used, i.e., surrounded by skeletal 
muscle tissue. For this reason, we selected healthy animal tissue inoc
ulated with bacteria in a controlled manner for further testing of the 
antibacterial effect (Fig. 3d). Since meat is a complex matrix and ex
hibits many interferences for most analytical methods used for bacteria 
quantification, it was necessary to develop a method that would work 
reliably in this setup, which in our case proved to be a modified resa
zurin assay.

The optimization of the resazurin assay for bacterial viability after 
exposure to NFX was performed to establish the optimal time for 
transformation of resazurin to resorufin by living bacterial cells 

Fig. 1. (a) Scheme of the encapsulation process under increased temperature. (b) Scheme of the ability of repeated on–off drug release. (c) Resulting suspension of 
norfloxacin crystals in wax RT42 after a 24-hour milling process with surfactant SPAN80 and histogram of the crystals’ diameter (number of analyzed crystals: 60). 
(d) 1H NMR spectra of the original sodium alginate (top) and the purified polymer MAlg (bottom) in HDO at 72 ◦C. (e) The assignment of 1H and 13C NMR signals to 
the expected substructure of MAlg. The crucial correlations observed in COSY (green), NOESY (red) and HMBC (blue) spectra – see Supplementary Information. (f) 
The ability of covalent crosslinking to improve the microcapsule durability was confirmed by preserving the well-structured hydrogel shell (brown) after incubating 
for 24 h in PBS (middle) even after 1 year of storage in the fridge (bottom). The shell of the microcapsule with only ionic crosslinking dissolved within 24 h (top).
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(Fig. 3e). The fluorescence was measured after 30, 60 and 180 min. After 
30 min, the resolution of the assay was insufficient however, it was 
noticeable that NFX had an essentially 95% bactericidal effect already at 
a concentration of 12.5 μg⋅mL− 1. However, with increasing incubation 
time, the portion of surviving bacteria increased to 20% at these high 
NFX concentrations. We assume that this could have been caused by 
selective resistance of a negligible number of surviving bacteria and 
their subsequent division. (Hirai et al., 1986; Hooper et al., 1986; 

Wolfson et al., 1990) The 180-minute incubation showed the highest 
resolution and was therefore used for experiments with animal tissue.

Testing of the microcapsules in animal tissue showed promising 
antibacterial efficiency (Fig. 3f). Microcapsules (50 mg) were applied to 
the animal tissue with E. coli (50 μL; OD600 = 0.5). After 3 cycles, this 
number of microcapsules should be able to release 10 times more anti
biotic than the highest concentration used for the optimization of the 
resazurin assay to ensure the desired bactericidal effect. After 3 cycles 

Fig. 2. (a) Experimental setup for RF heating by SPIONs encapsulated in MAlg hydrogel-based marble at 1.4 cm distance from the RF .
Source. (b) Experimental data; temperature profile of one RF heating cycle at 1.4 cm distance from the RF source under laboratory conditions. (c) Results from 
mathematical model of a simplified spherical microcapsule. Radial temperature profile at t = 20 s. (d) Temporal evolution of temperature at selected radial positions 
(center = red; core edge = blue; shell edge = green; outer boundary = solid black = 37 ◦C; core melting point = dashed black = 42 ◦C). (e) Experimental data; 
Temperature profile of tissue in the 2 mm distance (probe placement) from the wound containing microcapsules compared to the melting temperature of the wax 
RT42 (Tm(wax)). (f) RF heating by SPIONs. Time required to heat the system from 37 ◦C to 42 ◦C as a function of the distance from the RF source. (g) Experimental 
setup for multiple RF heating cycles for core-shell depot microcapsules at 1.4 cm distance from RF source. (h) The concentration of norfloxacin released from 1 
microcapsule after a different number of heating cycles (n = 3; 10 microcapsules in each), 0 refers to non-irradiated control. 0(1) was analyzed after the first cycle 
was performed and 0(15) was analyzed after the last cycle. The data was analyzed with one-way ANOVA (followed by Tukey’s post hoc test), the significance level 
between different data groups is represented as significant if * p ≤ 0.05
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(NFX 3), the minimal bacterial viability (around 20%) was achieved 
(same as in the optimization of the method of the resazurin assay), 
confirming the successful antibiotic release and bacteria killing (Fig. 3f). 
Norfloxacin solution controls also supported the success in antibiotic 
release (see Supplementary Information ATB-1). Samples containing 
control microcapsules without antibiotics (CTRL) showed increased 
viability, probably due to local heating and the creation of better con
ditions for bacterial growth than at laboratory temperature (NFX 0). 
Relatively high standard deviations are mainly due to the significant 
background noise caused by the presence of animal tissue residues and 
the overall system complexity. The results are statistically significant at 
the p value ≤ 0.01.

Furthermore, tissue in the wound, which was in the immediate 

vicinity of the microcapsules, showed no signs of denaturation or other 
damage due to exposure to elevated temperature. This is in agreement 
with the mathematical model results, which showed that the local 
temperatures around the microcapsules do not exceed 40 ◦C. It can 
therefore be said that these microcapsules function as expected and ex 
vivo animal tissue model showed no visible tissue damage and excessive 
thermal exposure, which opens new possibilities for future applications 
in the field of controlled release of antibiotics.

3.8. Limitations and future directions

While the presented depot system demonstrated successful RF- 
triggered antibiotic release and antibacterial activity in both agar 

Fig. 3. (a) Agar plate coated with bacteria E. coli with microcapsules placed on RF coil. (b) The area of the inhibition zone on an agar plate after 0, 1, and 5 RF 
heating cycles; 5 and 10 microcapsules are compared. (c) Inhibition zone area based on the number of cycles and the number of microcapsules (5 vs. 10, loaded with 
NFX) (n = 4). (d) Wound in a piece of raw chicken meat tissue inoculated with bacteria and filled with the depot microcapsules, setup of the meat piece on RF coil, a 
cutout of a 1  cm3 piece of the tissue around the wound containing microcapsules and bacteria after the RF heating cycles, and addition of resazurin into LB medium 
(purple) and its transformation to resorufin (pink). (e) Viability of bacteria E. coli after incubation with different NFX concentrations at varying resazurin assay 
incubation times (n = 4). (f) Viability of bacteria E. coli in the presence of microcapsules containing antibiotic NFX after 0 and 3 heating cycles (NFX 0, NFX 3) and in 
the presence of non-antibiotic, control microcapsules after 3 heating cycles (CTRL) (n = 3). The data was analyzed with one-way ANOVA (followed by Tukey’s post 
hoc test), the significance level between different data groups is represented as significant if * p ≤ 0.05 or ** p ≤ 0.01.
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plate assays and an ex vivo tissue model, several limitations should be 
acknowledged. The ex vivo tissue model represents an important inter
mediate step between simplified in vitro experiments and future in vivo 
studies; however, it does not fully reproduce the complexity of living 
tissue, including blood perfusion, immune response, tissue remodeling, 
or drug clearance mechanisms. Consequently, future studies should 
focus on in vivo evaluation of both therapeutic efficacy and long-term 
biocompatibility.

The proposed delivery platform relies on external RF activation, 
which enables precise temporal control over antibiotic release but also 
requires access to RF equipment. Furthermore, the efficiency of RF- 
induced heating is dependent on the spatial arrangement of the depot 
relative to the RF source. Although the present study demonstrated 
successful activation at clinically relevant distances while maintaining 
thermal safety, further optimization of treatment geometry and activa
tion protocols may be required for specific applications.

Some variability in the internal structure and number of wax cores 
was observed among individual microcapsules. Nevertheless, the 
intended mode of administration involves populations of hundreds of 
microcapsules rather than individual particles, reducing the impact of 
such variability on the overall therapeutic outcome. Stability studies 
further demonstrated limited passive release under physiological con
ditions, with only 3.7% of the encapsulated norfloxacin released after 
one week and an additional 5.1% released during the second week at 
37 ◦C. In contrast, no measurable passive release was detected during 
storage at 4 ◦C following the initial washing step, even after one year of 
storage. However, longer-term studies will be required to evaluate depot 
stability during extended implantation periods. Further reductions in 
passive leakage may be achievable through optimization of the phase- 
change matrix. In particular, materials exhibiting a sharper and more 
narrowly defined melting transition may provide a clearer separation 
between storage and activation conditions, thereby further minimizing 
unintended drug release under physiological temperatures.

Finally, norfloxacin was selected as a model antibiotic due to its 
suitable physicochemical properties, which facilitated both incorpora
tion into the wax matrix and quantitative evaluation of drug release and 
antibacterial activity. To explore the broader applicability of the plat
form beyond antibiotic therapy, preliminary experiments were also 
performed with compounds possessing distinct physicochemical prop
erties and therapeutic functions, including kanamycin (antibiotic), 
atenolol (β-blocker), and ascorbic acid (antioxidant) (see Supplementary 
Information – MOL-1). These findings suggest that the proposed RF- 
triggered depot concept may be applicable to a wider range of thera
peutic agents and disease indications where intermittent, externally 
controlled drug administration could provide clinical benefit.

4. Conclusion

The depot core–shell microcapsules developed in this work demon
strate significant advancements in the field of controlled release of an
tibiotics. By utilizing RT 42 wax (melting point 42 ◦C) for the core, the 
thermal stability of the microcapsules under physiological conditions 
was achieved, ensuring that the antibiotic remains securely encapsu
lated until triggered by external RF stimulation. Modifying the alginate 
shell with methacrylate groups further enhanced the structural integrity 
of the microcapsules, preventing premature microcapsule degradation 
in the presence of monovalent ions at physiological concentrations, and 
enabling extended use in potential clinical applications.

The system exhibited unique functionality of controlled, on-demand 
drug release as a response to alternating magnetic field (RF cycles). Ten 
RF cycles were determined as the maximum number needed to release 
the maximum amount of antibiotic from the microcapsules. This capa
bility ensures that the system can deliver antibiotics precisely when 
needed, potentially reducing the risks associated with continuous low- 
dose release, such as the development of antibiotic resistance. More
over, the formulation's ability to sustain repeated release cycles without 

losing structural integrity or drug efficacy highlights its potential for 
long-term therapeutic use in managing infections.

Furthermore, the antibacterial activity of microcapsules was 
confirmed by assays on bacteria-coated agar plates and in infected an
imal ex vivo tissue model. The results of these experiments point to the 
clinical potential of such a system for targeted antibacterial treatment 
and presumably the possibility of reducing the risk of bacterial 
resistance.

In conclusion, the depot microcapsules offer a promising approach to 
overcoming current challenges in antibiotic delivery. It combines 
enhanced stability with precise, RF-triggered release. Further studies 
focusing on in vivo applications will help assess this system's full thera
peutic potential in clinical settings.
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Writing – review & editing, Supervision, Methodology, Investigation, 
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