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Introduction

Drug-loaded 3D-printed magnetically guided pills
for biomedical applications

Eirini Myrovali, 2 **® Ajkaterini-Theodora Chatzitaki,” Kyrillos Papadopoulos® and
Dimitrios G. Fatouros®®

The traditional treatment of stomach cancer is based on a combination of surgery and chemo/radiother-
apy leading to severe side effects and endless pain. The objective of this study is the development of 3D-
printed drug-loaded magnetic pills with multifunctional behavior under external stimuli to be exploited
for cancer therapy in hollow organs. Their construction was based on magnetic hydrogels combined with
doxorubicin. Firstly, the printing fidelity was examined using two ratios of sodium alginate to carbopol
(1:2 and 2:1) with two different concentrations (4 and 8 mg mL™) of magnetic nanoparticles. The rheo-
logical measurements confirmed the material printability for preparing a 3D-printed magnetic pill in both
ratios. The 3D-printed magnetic pill demonstrated strong magnetic attraction when subjected to an
externally applied magnetic field confirming its ability to be remote-controlled. Thus, the magnetic com-
ponent of the pills could be used for their locomotion in a targeted area using a static magnetic field,
thereby increasing the residence time in a specific area of the stomach. All the prepared pills retained
their morphology and shape confirming their structural integrity within a simulated gastric fluid solution
(pH = 1.2). 3D-printed drug loaded magnetic and non magnetic pills were measured by applying an AC
magnetic field with an amplitude of 50 mT and a frequency of 375 kHz to examine their heating ability
and, consequently, the drug release. In vitro drug release from the 3D-printed drug-loaded magnetic pill
has demonstrated a faster drug release (within 24 hours) compared with the non-magnetic 3D-printed
pill. This enables a significantly localized drug release, on-demand, into the targeted area. The primary
benefit of these applications could be the reduction in drug dosage, thereby potentially minimizing the
immediate side effects associated with chemotherapy.

same day in a very short time frame, whereas a conventional
manufacturer would require several months to set up. 3D-

Stomach cancer, also known as gastric cancer, is the third
leading cause of morbidity and mortality worldwide. The
forms of stomach cancer are plenty from a morphological
perspective.” Although cancer is a serious condition, it can
be curable with accurate diagnoses and effective treatments
in its early stages.> Nowadays, 3D-printed materials could be
used in terms of treating stomach cancer via oral adminis-
tration. More researchers are paying attention to 3D printing
technologies in the field of pharmaceutics due to their appli-
cability to combine different materials with drugs to build
objects from a 3D model.®> The advantage of 3D concepts is
the fact that they can be designed and printed within the
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printed drug loaded materials are extremely advantageous in
terms of treating stomach cancer due to time-controlled
release tablets, multi-active solid dosage forms and topical
drug delivery.* However, the shortcomings with oral drugs
are their rapid transit from the stomach to the small intes-
tine and the cancellation of their structural integrity due to
the low pH value (1-3.5) in the stomach.>® Magnetic com-
ponents in 3D-printed materials could be used to maintain
the delivery system near their targeted zone and increase the
residence time into a specific area of the stomach. On the
other hand, natural or synthetic polymers could maintain
the structural integrity of the drugs in low pH values. Thus,
3D-printed magnetic materials have emerged to address
these challenges and play a significant role in the innovative
fabrication of 3D smart materials for biomedical
application.

Magnetic hydrogels, which are typically hydrogels in which
magnetic nanoparticles (MNPs) are introduced, have attracted
research interest for potential biomedical applications and 3D
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printing technology due to their magnetic actuation under an
externally applied magnetic field.” The combination of MNPs
with hydrogels could be used to prepare a smart magnetic
material, which is responsive both to the magnetic field and
the temperature. Consequently, the development of novel con-
trollable release systems is of great significance. The range of
potential applications of magnetic hydrogels is therefore extre-
mely wide including soft actuators, environmental protection,
chemical catalysis, engineering and biomedical
applications.® ' Substantial research efforts are being cur-
rently devoted in terms of using magnetic hydrogels in bio-
medical applications, such as drug delivery. The magnetic
response is more suitable for drug delivery than other stimuli,
because of its remote operation, rapid reaction, and tunable
manipulation.'*

Another biomedical application where magnetic hydrogels
can be used is magnetic particle hyperthermia for cancer treat-
ment. Until now, this application usually uses a magnetic fluid
containing magnetic nanoparticles to heat up the specific
cancer organs or tissues to temperatures ranging between 41
and 45 °C.” ™ In this temperature window, the malignant
regions (i.e. cancer cells) undergo a severe thermal shock,
while healthy tissues sustain this thermal regime with signifi-
cantly milder side-effects. The use of magnetic hydrogels
offers the advantage of preventing the leakage of MNPs,
thereby reducing potential toxic effects in the surrounding
area.'>'®

The objective of this study is the development of a smart
3D-printed drug-loaded magnetic pill with multifunctional be-
havior under external stimuli to be exploited for stomach
cancer therapy. The construction will be based on magnetic
hydrogels combined with chemotherapy drugs. The hydrogel
will act as a passive substrate for drug release, whereas the
magnetic component will act as active element both for
heating and magnetic actuation of the pill (locomotion) into a
specifically targeted area, as presented in Fig. 1. The porosity
of the hydrogels could function as an ideal platform for the
encapsulation of drugs, while the drug delivery will be
achieved by changing the temperature via heating produced by
the magnetic nanoparticles during magnetic hyperthermia
treatment. Therefore, the development of a 3D-printed drug-
loaded pill, using magnetic hydrogels, is both promising and
attractive at the same time. 3D printed magnetic hydrogels for
oral drug delivery appear to be safe to use as they are excreted
from the body after oral administration and there is no evi-
dence of material accumulation in organs. Moreover, the mag-
netic component of the 3D printed pill could potentially
control drug delivery to a specific area in the stomach and
prolong gastric time without inducing severe side effects.
Thus, the main advantage of such applications may be the
minimization of both the drug dosage and the consequent
side effects of the chemotherapy.

This work is focused on the synthesis of magnetic hydro-
gels, based on magnetite nanoparticles, and the preparation
of 3D-printed magnetic pills loaded with drugs, such as
doxorubicin (DOX), which are utilized in magnetic particle
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Fig. 1 The schematic illustrates a 3D-printed, drug-loaded magnetic
pill (brown color pill), which functions as a magnetic actuator capable of
moving under an externally applied magnetic field (magnetically guided
pill). The 3D-printed drug-loaded magnetic pills are explored as smart
materials due to the double action stimuli owning the ability to deliver
drugs and release heat into a specific area through the application of
magnetic hyperthermia within the therapeutic temperature range of
41-45°C.

hyperthermia applications. Magnetite nanoparticles were
exclusively used due to their excellent biocompatibility,
tunable magnetic properties and their approval from Food
and Drug Administration (FDA). The magnetite nano-
particles were synthesized using the chemical co-precipi-
tation method. This method is a bottom-up, cost-effective,
fast process that can be easily expanded to an industrial
level.'”'® Compared with other synthetic routes, the co-pre-
cipitation pathway is generally preferred due to its high
yield, facile control, and very low-cost production.'®?°
Following the synthesis of MNPs, the printability of hydro-
gels was determined through rheological measurements
using two different ratios of natural and synthetic hydrogels.
This was an important step to establish the optimal con-
ditions for creating a stable and printable 3D pill. The good
magnetic response of a 3D-printed magnetic pill was evalu-
ated using a static magnetic field under Simulated Gastric
Fluid (SGF) solution with a pH value of 1.2. Ultimately, mag-
netic hyperthermia measurements were conducted at a fre-
quency of 375 kHz and an alternating magnetic field of
50 mT using both drug-loaded magnetic and non-magnetic
pills. The release of DOX from a drug-loaded magnetic pill
was significantly increased when heated under magnetic
hyperthermia conditions compared with a drug-loaded non-
magnetic pill. Thus, 3D-printed magnetic pills could be
characterized as a novel and cost-effective method character-
ized by faster symptom relief compared with other conven-
tional treatments and will have potentially high scientific
impact on biomedical applications for cancer therapy.
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Materials and methods
Materials

Carbopol 940 and calcium chloride were purchased from
Lubrizol (Brussels, Belgium) and FerakLaborat GMBH (Berlin,
Germany), respectively. Alginate acid sodium salt and doxo-
rubicin hydrochloride (98.0-102.0% HPLC) were supplied by
Sigma-Aldrich Co Ltd (Darmstadt, Germany). Milli-Q water was
of analytical grade.

Synthesis of MNPs

Magnetite nanoparticles were synthesized using the oxidative
aqueous co-precipitation method with iron salts adhering to a
standard procedure detailed in prior studies.?"** The size of the
nanoparticles was regulated by the concentration of sodium
hydroxide (NaOH). Initially, a solution of sodium nitrate NaNO3
(0.2 M) was combined with equal parts of ethanol and water,
referred to as solution A henceforth. Subsequently, a blend of
iron(n) sulfate heptahydrate FeSO,-7H,O (0.2 M) and sulfuric
acid H,S0, (0.01 M) was introduced to solution A and stirred vig-
orously. Concurrently, a NaOH (0.4 M) solution was incremen-
tally added to maintain the desired pH value (pH = 10). The
resultant mixture was then heated to 90 °C and maintained for
three hours. Afterward, it was allowed to cool to room tempera-
ture. The solid particles were finally isolated through magnetic
decantation and repeatedly rinsed with distilled water.

Characterization of MNPs

The crystal structure of the MNPs was identified by X-ray diffr-
action (XRD) using a two-cycle Rigaku Ultima Plus X-ray diffr-
actometer with a Cu-Ka (4 = 1.5406 A) radiation operating at 40
kv and 30 mA. The increment of 20 angle was kept constant at
0.05°, while data acquisition dwell time was set 3 s in Bragg-
Brentanogeometry. To investigate the morphology, microstruc-
ture and the size distribution of the MNPs, samples for trans-
mission electron microscopy (TEM) were prepared by drop-
casting the colloidal dispersions onto carbon-coated Cu grids
after sonication for 1 h in water. TEM and high-resolution
TEM (HRTEM) were performed by a JEOL 2011 UHR micro-
scope with a 0.194 nm point resolution operated at 200 kVv.
Magnetic hysteresis loops (major loops at +1 T) were recorded
at 300 K using vibrating sample magnetometry (VSM) in a
Quantum Design Dynacool PPMS system.

Magnetic particle hyperthermia

An induction heating setup system is used for magnetic
heating operating at 375 kHz (2.4 kW Easyheat/Ambrell). The
amplitude of the magnetic field was 50 mT. The temperature
was recorded by using a GaAs-based optical fiber probe and
thermal imaging camera (FLIR). Each measurement cycle
included a heating and a cooling stage.

3D printing procedure

Hydrogels without any bubbles were printed using the semi-
solid extrusion (SSE) 3D printing method (Inkredible 3D bio-
printer, Cellink, Gothenburg, Sweden). Pill shaped objects were
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designed in Autocad 2019 (Autodesk Inc., CA, USA) with a dia-
meter of 6 mm and a height of 2 mm, whereas the printing
nozzle was 25 G - 0.26 mm diameter. The printing speed was
set at 8 mm s ' and the infill was 100% with concentric
pattern. The printing process was conducted on pre-weight
plates and the weight of the final 3D-printed object was deter-
mined by the difference between the weight of the plate before
and direct after printing. To facilitate easy handling of the 3D-
printed hydrogel, the final 3D-printed objects were cross-linked
with CaCl, for 15 minutes and the salt residues were washed
with distilled water. The cross-linked structures were stored in
2 mL Milli-Q water overnight before further assays.

Rheological characterization

The rheological properties of freshly prepared blank inks were
carried out using an MCR 302 rheometer (Anton Paar, Graz,
Austria) with the parallel plate geometry (diameter 25 mm) at a
gap of 1 mm and 25 °C. Viscosity test was measured as a func-
tion of shear rate at shear rates 0.1-100 1 s™". Frequency oscil-
latory sweep tests were performed at strain value of 1% and at a
frequency range of 1 to 100 Hz.

Encapsulation efficiency

The amount of the entrapped DOX was determined with indirect
method. In particular, the released DOX in Milli-Q water after
overnight storage at 4 °C was analyzed using the fluorescent
method. The fluorescence of DOX was measured using exci-
tation and emission wavelengths of 488 and 590 nm, respect-
ively, and slit excitation 5 and emission 10 with a standard cali-
bration curve in Milli-Q water (0.0125-0.0625 ppm, R* = 0.999).

In vitro release

The in vitro release profile of the 3D-printed hydrogels was
examined in SGF (pH 1.2). 3D-printed pills were immersed in
1 mL SGF and remained for 10 minutes in magnetic hyperther-
mia conditions. After this period, 4 mL SGF were added in the
same falcon and this time point was set as ¢t = 0. Falcons
remained in a shaking bath at 70 rpm at 37 + 0.2 °C and 1 mL
aliquots was withdrawn at specific time points from the start-
ing point (¢ = 0) up to day 9 followed by replacement with fresh
pre-heated SGF. The analysis of DOX was performed as out-
lined previously using standard calibration curves in SGF at
concentration range of 0.0125-0.0625 ppm (R> = 0.999).

Statistical analysis

The data are expressed as the mean + standard deviation (SD)
based on at least three measurements. Statistical analysis was per-
formed using a t-test, with differences considered significant at
P <0.05.

Results and discussion
Structural and magnetic properties

The morphological and structural characteristics of the MNPs
at the nanoscale are depicted in Fig. 2a. The TEM image

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Representative TEM image of magnetite MNPs accompanied
by an HRTEM image (inset) of the single particle. (b) Size distribution of
the MNPs (20 + 2 nm). (c) X-ray diffraction pattern of magnetite NPs. (d)
Hysteresis loop within a DC magnetic field of +0.5 T at RT (300 K).

(Fig. 2a) reveals that the MNPs possess a faceted, cubic-like
morphology with distinct edges. Additionally, the corres-
ponding HRTEM image (inset Fig. 2a) confirms the high crys-
tallinity of the sample due to the clear lattice boundary. The
average size of the MNPs was determined to be 20 + 2 nm,
which was calculated by using log-normal distribution fitting,
as illustrated in Fig. 2b. The X-ray diffraction pattern, as
depicted in Fig. 2c, reveals that the diffraction peaks of the
MNPs are consistent with the magnetite standard reference
card (PDF#751372#). The hysteresis loops were recorded at
room temperature (RT), as shown in Fig. 2d. The saturation
magnetization reached 73 Am* kg™ " at 1 T, which aligns well
with findings from relevant studies.”*>* Consequently, the
properties demonstrated by the MNPs render them ideal can-
didates for the creation of 3D-printed magnetic pills.

3D printing process optimization

Three-dimensional (3D) printing is considered an emerging
digital technology that could combine different materials to
construct objects from a 3D model, which could be utilized as
a key driving factor for the future advancement and precise
manufacturing of personalized dosage forms, regenerative
medicine, prostheses, and implantable medical devices.*®*’
Printing hydrogels into a 3D construction is a very challenging
process. There are natural polymers with good biocompatibil-
ity and low immunogenicity, such as chitosan, gelatin meth-
acrylate (GelMa), gelatin, collagen, as well as synthetic poly-
mers with low printability.**" However, the combination of
natural and synthetic hydrogels can modify the network ratio
to prepare a printable material.*> Sodium alginate, a prevalent
natural polymer, is increasingly significant in the healthcare
and pharmaceutical industries due to biocompatibility, biode-
gradability, versatility, sustainability and functionalization for
drug delivery.*® It serves as an effective matrix for cell immobil-
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ization and entrapment of bioactive substances and pharma-
ceuticals.>® Materials encapsulated within the inert alginate
matrix can be administered at a controlled rate using a con-
trolled release system.>®> Drugs encapsulated within alginate
beads are discharged through diffusion via pores and this
release is expedited by the breakdown of the alginate polymer
network.>® On the other hand, carbopol is widely recognized
as a synthetic polymer with superior physical and rheological
properties.’” Carbopol is widely recognized for its mucoadhe-
sive properties, which facilitate targeted drug delivery to
specific absorption sites. It is also commonly used in oral for-
mulations to provide sustained drug release, thereby maintain-
ing therapeutic drug levels over a prolonged period and enhan-
cing overall efficacy.*®*® Nowadays, magnetic hydrogels have
drawn research attention for potential biomedical applications
due to magnetic actuation under an externally applied mag-
netic field.*® The range of potential applications of magnetic
hydrogels is therefore extremely wide including soft actuators,
environmental protection, chemical catalysis and engineering,
as well as biomedical applications. Substantial research efforts
are being currently devoted to use magnetic hydrogels in bio-
medical applications, such as drug delivery. The key to develop
smart drug-loaded hydrogels, which react upon an external
stimulus, is the incorporation of multifunctional materials.
The magnetic response is more suitable for drug delivery than
other stimuli, because of its remote operation, rapid reaction
and tunable manipulation.”* Consequently, different ratios of
sodium alginate to carbopol were mixed with magnetic MNPs
and drug to create a consistent and an extrudable ink of mag-
netic hydrogel.

Development of drug-loaded magnetic inks

Two ratios of sodium alginate to carbopol, 1:2 and 2: 1, were
evaluated for their printing fidelity. Initially, sodium alginate
and carbopol powders were dispersed in distilled water (Milli-
Q) and mixed thoroughly, as depicted in Fig. 3a. The resulting
solution of non-magnetic ink is presented in Fig. 3b.
Following this procedure, two pathways emerge for the prepa-
ration of drug-loaded inks: (a) non-magnetic ink and (b) mag-
netic ink, as illustrated in Fig. 3b. Drug-loaded non-magnetic
ink was fabricated by incorporating a solution of DOX into the
non-magnetic ink (Fig. 3c). Conversely, drug-loaded magnetic
ink was prepared by combining solutions of magnetic nano-
particles and DOX (Fig. 3d). All solutions were vigorously
mixed to create a homogeneous printing solution and then
stored at 4 °C for 15 minutes to ensure complete hydration of
the polymers. Finally, each solution was drawn into a syringe
to create various inks for the 3D printer. It is important to
mention that DOX powder was dissolved in distilled water,
while the final concentration of DOX remained constant at
0.05 mg mL™" in both cases. DOX was used because it is a
widely utilized medication for treating various forms of
cancer.*>*® Prior to incorporating the MNPs into the non-mag-
netic ink, the MNPs were first dispersed in distilled water and
subsequently sonicated to ensure their homogeneous distri-
bution. Additionally, the MNPs were evaluated at the concen-
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Fig. 3 Schematic illustrations of inks: (a) dispersion of powders (carbo-
pol and alginate) in distilled water and the formulation of (b) non-mag-
netic ink; (c) drug-loaded non-magnetic ink; and (d) drug-loaded mag-
netic ink.

trations of 4 and 8 mg mL™" to determine the most effective
heating performance in magnetic hyperthermia. Previous
research on magnetic polymers has demonstrated that there is
no leakage of iron oxide NPs into the water solution, even by
increasing the MNPs concentration from 1 to 8 mg mL™.**
These findings suggest that magnetic inks can be utilized in
subsequent experiments and in biomedical applications at
elevated concentrations up to 8 mg mL™".

Rheological characterization of magnetic inks

Optimal inks must possess two key characteristics: firstly, they
should demonstrate shear-thinning behavior when a deform-
ing force is applied; and secondly, their viscosity should
rapidly increase once the force is removed to ensure high
shape fidelity and precise printing.*>*® Viscosity and visco-
elastic shear modulus are crucial rheological parameters for
understanding the flow behavior of combined hydrogels.
Viscosity is the measure of a fluid’s resistance to flow when
stress is applied, significantly affecting extrudability, printing
precision, as well as the maintenance of shape.*”

The viscosity as a function of shear rate is shown in Fig. 4a
for both ratios of the polymers. According to Fig. 4a, the vis-
cosity is higher in the polymer with the ratio of 2:1 (blue
color) than the ratio of 1:2 (black color). This behavior
implies that a lower ratio (1:2) could result in greater printing
precision and better shape retention post-extrusion, compared
with the higher ratio (2:1). This could be attributed to the
higher amount of carbopol, which has been characterized as
an agent that modifies rheological properties of pastes,
thereby enhancing the fidelity of 3D-printed structures.*®
However, at higher shear rates, the values become equal indi-
cating a consistent viscosity throughout the printing process.
Additionally, both ratios of inks demonstrated shear-thinning
behavior, evident from the reduction in viscosity as the shear
rate increased, which is a common trait of polymeric formu-
lations.*® It should be noted that prior research indicated that
a viscosity exceeding 300 mPa-s results in an irreversible shape
during 3D printing.>® Regarding viscosity measurements, both
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Fig. 4 Rheological analysis of freshly prepared inks using two different
ratios of sodium alginate to carbopol, 1:2 (black) and 2:1 (blue),
respectively. (a) Viscosity measurements at shear rates 0.1-100 1 s7%, (b)
mechanical strength of inks using storage (G’) and loss (G”) modulus of
frequency sweep test at a strain value of 1% within the frequency range
of 1to 100 Hz.

ratios are suitable for the formulation of 3D-printed magnetic
pills.

Additionally, the mechanical strength of inks could reveal
significant insights into the material printability. The mechan-
ical strength of inks was assessed using a frequency sweep
oscillatory test, as depicted in Fig. 4b. In rheology, G’ denotes
the energy stored and recovered in each deformation cycle.
Essentially, it acts as a catalyst for the restructuring of a
material after undergoing deformation due to applied stress.
On the other hand, G” measures the energy dissipated per
cycle, indicative of the liquid-like behavior of the material. In
both cases, the storage modulus (G’') of all printable inks
exhibited a higher magnitude than the loss modulus (G”) as
shown in Fig. 3b with solid and open symbols, respectively.
Both inks displaying elastic behavior and a (G’) value exceed-
ing 500 Pa have shown sufficient structural support after
deposition.”’”> Consequently, the rheological properties of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alginate/carbopol hydrogel ratios were assessed and demon-
strated to be highly promising for the development of 3D-
printed magnetic pills.

3D-printed pill formation and magnetic actuation within SGF

The prepared inks (Fig. 5a) were utilized to fabricate pills with
a maximum height of 2 mm and a maximum diameter of
6 mm using a 3D printer, as depicted in Fig. 5b. Three variants
of 3D-printed pills were produced: (a) non-magnetic, (b) drug-
loaded non-magnetic and (c) drug-loaded magnetic, presented
in Fig. 5¢, d, and e, respectively. Previous study has shown that
crosslinking, such as calcium chloride (CaCl,), is an important
parameter in the fabrication of polymers that can result in
enhanced stability by developing inter-molecular network lin-
kages.”® Indeed, following their preparation, the pills were
immersed in a CaCl, solution to enhance their stability and
shape retention.

Moreover, to assess the magnetic behavior of the syn-
thesized drug-loaded magnetic pill, a commercial NdFeB
magnet was placed adjacent to the test tube, showcasing the
magnetic response of the pill, as illustrated in Fig. 5f. The
magnetic pill could be characterized as suitable for drug deliv-
ery due to remote operation, rapid reaction and tunable
manipulation. Next step is to examine the behavior of the pills
within gastric conditions. In healthy humans, the pH level of
gastric fluid typically ranges from approximately 1 to 2 indicat-
ing an acidic environment.>® Consequently, the pills were
placed into a SGF solution owning a pH value of 1.2 to probe
the structural integrity of the pills at 37 + 0.2 °C. Both pill
ratios preserved their perfect shape after 24 hours of exposure
in the SGF solution (Fig. 5g). These results indicate that the
MNPs could be stable within the polymer matrix, which was
not dissolved in gastric fluids. Indeed, there is no leakage of
MNPs in SGF solution after 24 hours in both ratios (Fig. 5h,
ratio 1:2). These findings suggest that the magnetic pills

Drug-loaded

@) ©
[

Non-magnetic pill

-

Fig. 5 (a) Schematic representation of syringes filled with different inks
and (b) illustration of pill with a maximum height of 2 mm and a
maximum diameter of 6 mm using a 3D printer. 3D-printed pills before
CaCl, bath: (c) non-magnetic, (d) drug-loaded non-magnetic, and (e)
drug-loaded magnetic. (f) Picture of magnetic-pill responding to an
externally applied magnetic field (magnet). (g) Two pill ratios, 1:2 and
2:1, reflecting the shape integrity after 24 hours of exposure in the SGF
solution at 37 + 0.2 °C. (h) No leakage of MNPs using a magnetic pill
(with ratio 1: 2) in SGF solution at 37 + 0.2 °C for 24 hours.
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could be the perfect candidate for drug delivery on-demand
into specific area.

Heating efficiency of magnetic particle hyperthermia

The study of the magnetically induced heating efficiency
encompassed assessments of a magnetic pill with a MNPs con-
centration of 8 mg mL ™" (Fig. 6a), as well as a non-magnetic
pill (Fig. 6b) with a 1:2 alginate to carbopol ratio. Both of
them were subjected to an alternating (AC) magnetic field of
50 mT and a frequency of 375 kHz, whereas each sample was
placed at the coil’s center (Fig. 6a and b). Initially, the temp-
erature was recorded using a thermal camera during the
measurement, which was positioned above the coil (Fig. 6¢).

Thermal imaging confirmed that the temperature of the
magnetic pill increased from 28.3 °C to 44.7 °C, as shown in
Fig. 6d, resulting in a color change from purple to yellow. The
same thermal behavior was presented in the magnetic pill
with a MNPs concentration of 4 mg mL™" increasing the dur-
ation of hyperthermia measurement. One the other hand, the
temperature of the non-magnetic pill varied between 25.1 °C
and 29.2 °C maintaining its purple color throughout the
hyperthermia measurement, as depicted in Fig. 6e. The signifi-
cant temperature disparity between the two samples can be
attributed to the ferromagnetic properties of the MNPs.
Ferromagnetic particles possess the ability to heat up when
subjected to an AC magnetic field due to magnetic hysteresis
losses.”’

Following the confirmation of the heating capabilities of
the magnetic pills, the subsequent crucial step involved the
assessment of the samples in a SGF to mimic the condition of
the stomach. For this purpose, pills containing two distinct

(@)

Magnetic pill

| Nommagnetic pill

00 400 600 800 1000 0 200 400 600 80 1
ts) 1s)

Fig. 6 (a) Magnetic pill and (b) non-magnetic pill placed in the center
of the coil. (c) Thermal camera above the coil. Dash red line: thermal
image without sample when applying a magnetic field. Thermal images
during hyperthermia measurement by applying an AC field of 50 mT and
a frequency of 375 kHz in (d) magnetic and (e) non-magnetic pill. The
color bar of each image indicates the local temperature. (f) Magnetic pill
in SGF within a magnetic coil recording the temperature using an optical
fiber (green color). Hyperthermia curves of magnetic measurements at
375 kHz/50 mT using magnetic and non-magnetic pills with alginate to
carbopol ratio of (g) 1:2 and (h) 2: 1. The hyperthermia measurements
were taken using non-magnetic pill (black color) and magnetic pill with
MNPs concentration of 4 and 8 mg mL™* (red and blue color).
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ratios of alginate to carbopol and two different concentrations
of MNPs were utilized. A single pill was submerged in a con-
tainer with 1 mL of SGF, positioned at the coil’s center and its
temperature was monitored using an optical fiber, as depicted
in Fig. 6f. The hyperthermia curves of the magnetic pill and
the non-magnetic pill, with alginate to carbopol ratios of 1:2
and 2:1, are depicted in Fig. 6g and h, respectively. Starting
with the heating curve of the pills with an alginate to carbopol
ratio of 1:2, the magnetic pill with a MNPs concentration of
8 mg mL™"' quickly reached the hyperthermia window of
41-45 °C (indicated by the red frame in Fig. 6g). Specifically,
the sample reached a peak temperature of 45.2 °C after 300
seconds of exposure, as shown by the red line in Fig. 6g. On
the contrary, the magnetic pill with the lower MNPs concen-
tration of 4 mg mL ™" did not reach the hyperthermia window
within the same exposure duration. Pills with a 2 : 1 alginate to
carbopol ratio exhibited similar thermal behavior. Specifically,
the magnetic pill achieved a maximum temperature of 44.9 °C
after 400 seconds of exposure, indicated by the red line in
Fig. 6h, while the magnetic pill with a lower MNPs concen-
tration did not reach the hyperthermia threshold within the
same timeframe, as depicted by the blue line in Fig. 6h. In
both cases of lower MNPs concentration (4 mg mL™'), the
results suggest that a longer exposure duration was required to
reach the hyperthermia window. It is important to mention
that the non-magnetic pill displayed consistent thermal behav-
ior at both ratios and remained below the hyperthermia
threshold, with the highest recorded temperature being 33 °C.
Nonetheless, the magnetic pills with a lower concentration of
MNPs (4 mg mL™") exhibited higher temperatures compared
with the non-magnetic pills in both ratios, as demonstrated in
Fig. 6g and h, thereby confirming the heating capability of the
MNPs. The results indicated a strong correlation between the
heating rate of the magnetic pill and the MNPs concentration.
A higher concentration of MNPs resulted in an increased
heating rate and reduced the required exposure duration. On
the basis of these results, the higher concentration of MNPs
(8 mg mL™") was selected in both cases of ratios for studying
the drug release within an AC magnetic field.

Drug release on-demand

The next step is to study the drug-loaded magnetic pill in
hyperthermia conditions at 375 kHz and 50 mT in SGF solu-
tion using both ratios. To maintain the pill within the
hyperthermia threshold (marked by the red frame in Fig. 7) for
10 minutes, an “on-off” heating pattern was created by alter-
nating the AC magnetic field between ON and OFF states. The
AC magnetic field was deactivated to allow cooling to 41 °C
and it was reactivated to heat the pill up to 45 °C. The magneti-
cally induced heating capability of the MNPs allows the mag-
netic pills to be remotely controlled for drug release on-
demand.

Fig. 7a and b displayed drug-loaded magnetic pills with
alginate to carbopol ratios of 1:2 and 2: 1, respectively. The
AC magnetic field was activated four times in 10 minutes for
the 1:2 ratio and three times for the 2: 1 ratio. This behavior
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Fig. 7 Hyperthermia curves of magnetic measurements at 375 kHz/
50 mT using drug-loaded magnetic and non-magnetic pills with an algi-
nate to carbopol ratio of (a) 1:2 and (b) 2:1. (c) and (d) Optical images
of drug-loaded magnetic pills before and after hyperthermia experi-
ment, respectively.

could be explained via viscoelastic properties. The viscosity in
the polymer matrix ratio of 1:2 is lower than that of the 2:1
ratio (Fig. 4a). That means the MNPs can rotate more quickly
in the polymer matrix ratio of 1:2 than 2: 1 leading to a faster
thermal response. This behavior is in good agreement with
another study, which has shown that the augmented mobility
of the MNPs in the medium, ie. Brownian relaxation due to
the physical rotation of the particles, could increase their
heating response.>” Conversely, the non-magnetic pill failed to
reach the hyperthermia threshold even after 800 seconds
(Fig. 7a and b, black color).

During the measurements, optical images were taken
before and after hyperthermia to examine the drug release into
the SGF solution, as shown in Fig. 7c and d for the drug-
loaded magnetic pill with a MNPs concentration of 8 mg mL™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and an alginate to carbopol ratio of 1:2. The same behavior
was demonstrated by the drug-loaded magnetic pill with a
MNPs concentration of 8 mg mL™" and an alginate to carbopol
ratio of 2:1. Optical images confirm the drug release deriving
from the magnetic pills, which enables the triggered release of
drugs into the SFG solution after magnetic hyperthermia.
These results demonstrate that drug-loaded magnetic pills
may be explored as a potential method for remotely controlled
drug delivery to targeted areas using magnetic hyperthermia
treatment.

In vitro drug release from drug-loaded pills by time

The in vitro release profiles of DOX were examined at different
intervals (0, 24, 48, 72, 144 and 216 hours) at 37 + 0.2 °C to
demonstrate the efficacy of both drug-loaded magnetic pills
and drug-loaded non-magnetic pills for triggered drug release
in SGF solution with a pH value of 1.2, with and without mag-
netic hyperthermia treatment. All measurements were con-
ducted for alginate to carbopol ratios of 1:2 and 2:1, as
shown in Fig. 8a and b, respectively. Drug loaded magnetic pill
(blue spheres) and non-magnetic pill (red spheres) referred to
the drug release which occurred at 0, 24, 48, 72, 144 and
216 hours after the magnetic hyperthermia treatment, while
drug loaded magnetic pills referred to the drug release from 0
to 216 hours without magnetic hyperthermia treatment (black
spheres).

DOX release from magnetic pill (blue color) was signifi-
cantly enhanced by heating after the magnetic hyperthermia
treatment compared with the control experiments (non-mag-
netic pill after hyperthermia treatment and magnetic pill
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Fig. 8 In vitro release of DOX from a drug-loaded magnetic pill with
and without hyperthermia treatment (blue and black spheres), as well as
from a drug-loaded non-magnetic pill following hyperthermia measure-
ments (red spheres) using an alginate to carbopol ratio of (a) 1: 2 and (b)
2:1. All measurements were taken in SGF solution at 37 + 0.2 °C.
Optical images of time-dependent release response of DOX at 37 +
0.2 °C from a non-magnetic pill for ratios (c) 1:2 and (d) 2:1. The
in vitro release profiles of DOX were examined at different intervals (0,
24, 48, 72, 144 and 216 hours).
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without hyperthermia treatment) performed at 37 + 0.2 °C in
both ratios, as shown in Fig. 8a and b. For the non-magnetic
pill, the drug release ranged from 7% to 68% and from 4.5%
to 58% for the ratios of 1:2 and 2:1, respectively, over a
period of 216 hours after the hyperthermia treatment (Fig. 8,
red color). Similar drug release behaviour was observed in the
drug loaded magnetic pill without hyperthermia treatment.
Specifically, the drug release ranged from 3.7% to 72% and
from 3.7% to 63% for the ratios of 1:2 and 2: 1, respectively,
over a period of 216 hours, as shown in Fig. 8 in black
color. These results indicate that the magnetic pill without
hyperthermia and non-magnetic pills after hyperthermia have
the same drug release behavior over time. On the contrary, the
drug-loaded magnetic pills after hyperthermia treatment can
increase the release of DOX from 18.5 to 78% and 20 to 68%,
after 24 hours, for the ratios of 1:2 and 2:1, respectively
(Fig. 8, blue color). After 24 hours, the drug release values kept
constant over time in both ratios. That means the drug release
was achieved very quickly (24 hours) in magnetic pills after
hyperthermia treatment (blue color) compared with the drug
release observed without magnetic hyperthermia treatment
(black color) in 216 hours. These data indicated that the mag-
netic pills under study could serve as a platform for on-
demand drug delivery within 24 hours. This potential
enhancement in diffusive release could be particularly ben-
eficial for drugs that are more challenging to administer.

However, it is important to mention that the different car-
bopol to alginate ratio could affect the drug release. Indeed,
the drug release is better in the ratio of 1:2 than that in the
ratio of 2:1 in all pills, as shown in Fig. 8a and b. This
phenomenon demonstrated that the porous density of the 1:2
ratio was greater than that of the 2:1 ratio. Consequently, the
increased porosity resulted in the greater release of the drug.
To visualize the drug release, optical images were taken in
non-magnetic pills using both ratios. The optical images
depicting the time-dependent release response of DOX at 37 +
0.2 °C from a non-magnetic pill are illustrated in Fig. 8c and d
for the ratios of 1:2 and 2: 1, respectively. The drug release is
signified by the color change in the non-magnetic pill. The
results indicated that the drug release was highest at the ratio
of 1:2 compared with the ratio of 2 : 1. Indeed, factors such as
the concentration of inks, crosslinking density, as well as
content of MNPs in the matrix of hydrogel can reduce the
release of the drugs.>>™” As a result, the drug release cannot
reach the maximum value of 100%. The results confirmed that
the porosity of the hydrogels functioned as a platform for
encapsulating drugs, while the drug delivery achieved by chan-
ging the temperature via the heating produced by magnetic
nanoparticles within AC magnetic fields. This study has veri-
fied that the application of magnetic hyperthermia signifi-
cantly boosts the release of DOX, thereby enabling a consider-
ably localized drug discharge in the region subjected to the
magnetic field.

Considering all the data above, the 3D-printed drug loaded
magnetic pills could be a strategy to enhance the oral drug
delivery. The challenge is to select the 3D-printed pill, which is
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most suitable for each patient and the type of pharmaceutical
ink that should be developed possessing the required drug
dosage to treat stomach cancer. Personalized medicine takes a
step forward by combining magnetic hydrogels and 3D-print-
ing techniques. 3D-printed drug-loaded magnetic pills could
be prepared for oral administration for each patient. An exter-
nal magnetic field can be employed to direct the magnetic pill
to a targeted area increasing its residence time in the stomach.
Owing to their nature, hydrogels could maintain their struc-
tural integrity in acidic media. The external magnetic field
could be utilized until the maximum drug release will be
achieved.3D-printed pills will be explored as smart materials
due to the double action stimuli owning the ability to deliver
drugs and release heat into a specific area through the appli-
cation of magnetic particle hyperthermia within the thera-
peutic temperature range of 41-45 °C. Moreover, the magnetic
component of a 3D-printed pill potentially controls drug deliv-
ery to a specific area in the stomach and prolongs retention
time without inducing severe side effects. The multi action
stimuli based on 3D-printed pills could be utilized as a multi-
functional platform to cure cancer in hollow organs, such as
stomach. Thus, 3D-printed drug-loaded pills will have poten-
tially high scientific impact on clinical applications.

Conclusions

In summary, magnetite nanoparticles were synthesized using
the co-precipitation method, an eco-friendly technique with
straightforward synthetic control. XRD patterns, TEM and
HRTEM images confirmed that the MNPs are single-crystalline
magnetite nanoparticles with a typical size of 20 + 2 nm and
cubic-like morphology. Two ratios of sodium alginate to carbo-
pol, 1:2 and 2:1, were combined with MNPs in two different
concentrations (4 and 8 mg mL™") to assess their printing fide-
lity. Rheological properties of inks confirmed material print-
ability for preparing a 3D-printed magnetic and non-magnetic
pill at two different ratios of alginate to carbopol. Magnetic
pills have demonstrated strong magnetic attraction when sub-
jected to an externally applied magnetic field. This indicates
that these pills can be remotely controlled by a static magnetic
field. Additionally, the magnetic and non-magnetic pills were
placed into a SGF solution mimicking the condition inside of
the stomach, with a pH value of 1.2 and a temperature of 37 +
0.2 °C for 24 hours. All the pills retained their morphology and
shape confirming their structural integrity. Measurements of
magnetic hyperthermia were conducted on both magnetic and
non-magnetic pills by applying an AC magnetic field of 375
kHz/50 mT. The findings revealed a significant correlation
between the heating rate of the magnetic pill and the concen-
tration of the MNPs. Consequently, the higher MNPs concen-
tration (8 mg mL ') resulted in an increased heating rate,
while the non-magnetic pill did not manage to reach the
hyperthermia threshold. This behavior was also confirmed by
thermal images obtained during the magnetic hyperthermia
measurements. Maintaining a higher MNPs concentration of
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8 mg mL™", hyperthermia measurements indicated that the
heating performance of the magnetic pill with an alginate to
carbopol ratio of 1:2 was superior to that of the 2:1 ratio
owing to the reduced viscosity. MNPs can rotate more quickly
in the polymer matrix ratio of 1:2 than 2:1 resulting in a
faster thermal response. In vitro drug release in the 3D-printed
drug-loaded magnetic pill has demonstrated a quicker drug
release compared with the non-magnetic 3D-printed pill. This
allows for a significant localized drug release on-demand in
the targeted area.

The ability to control the drug release into a specific area,
as a function of the AC magnetic field, will give the opportu-
nity to reduce the total dose of the drugs and the consequent
side effects of the chemotherapy. The new generation of 3D-
printed magnetic pills is being investigated as smart materials,
because of their dual-action stimuli. They have the capability
to deliver medication and generate heat in a targeted area
through magnetic particle hyperthermia within the therapeutic
temperature range of 41-45 °C. Furthermore, the magnetic
aspect of the pill can facilitate its locomotion to a specific area
by using a static magnetic field (DC field). This approach
could improve the possibility of tumor overgrowth, thus treat-
ing advanced unresectable cancer. Smart 3D-printed pills
could be used as a novel and cost-effective method with faster
symptom relief compared with other conventional treatments.
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