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ABSTRACT

Soft microcarriers hold great potential for biomedical applications, yet their translation is limited by the lack of controlled
degradation, restricted capacity for co-encapsulation of therapeutic and cellular cargos, long-term biocompatibility, and scalable
production challenges. Here, we introduce a new concept of discrete, degradable hydrogel microcarriers, produced via droplet-
based microfluidics and UV photopolymerization, designed to integrate these properties. These soft microcarriers enable
co-encapsulation of multiple species, including magnetic particles, drugs, and living cell spheroids, while allowing precise motion
control over complex trajectories using external gradient magnetic fields. Their tunable degradation under physiological conditions
ensures transient stability, controlled navigation, and safe clearance. This approach provides spatiotemporal control over cargo
transport and release, enabling the microcarriers to function as systems with a controllable lifecycle. These multifunctional
microcarriers represent a versatile platform for tissue engineering, minimally invasive therapies, and diagnostic monitoring,
enhanced by the precise in situ navigation option.

[11], solvents and chemical gradients [12-14], and electric
[15] or magnetic [16-19] fields. These carriers can achieve

1 | Introduction

Microcarriers have emerged as promising tools for next-
generation biomedical applications, including targeted delivery
of medicines, tissue engineering, and diagnostic monitoring
[1-3]. Recent advancements in functional materials have enabled
the development of a novel class of soft carriers, actuated in
response to external stimuli, such as light [4-10], ultrasound

wireless operation and deterministic control while transporting
therapeutic agents or cells in a minimally invasive manner,
with the potential to improve precision and reduce systemic
side effects [20]. Despite these advantages, their translation into
clinical use has been limited. Current carriers often have limited
capacity for co-encapsulation, particularly of living components,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
© 2026 The Author(s). Advanced Materials published by Wiley-VCH GmbH

Advanced Materials, 2026; 38:€73735
https://doi.org/10.1002/adma.73735

1of14


http://www.advmat.de
https://doi.org/10.1002/adma.73735
https://orcid.org/0000-0002-0689-598X
https://orcid.org/0009-0000-1449-023X
https://orcid.org/0000-0001-8206-6000
https://orcid.org/0000-0002-7177-4308
mailto:l.baraban@hzdr.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adma.73735
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.73735&domain=pdf&date_stamp=2026-06-17

lack controlled degradation, and raise concerns over long-term
biocompatibility [2]. These shortcomings prevent their reliable
use in dynamic and physiologically complex environments.

Magnetic soft carriers have demonstrated significant progress
in design and fabrication, showing great potential for targeted
therapeutic delivery and minimally invasive biomedical applica-
tions [21]. Recent advances in soft functional materials [22] and
fabrication techniques—including 3D printing and microfluidics
(Figure 1A)—have yielded impressive designs such as fibers,
microcarriers, and Janus particles [17, 23-29]. For example,
an acrylic elastomer-based microcarrier integrated with ultra-
compliant pico-force springs enabled non-disruptive interactions
with biological entities, though its operation was constrained
by concomitant rotation of the entire body [30]. Recent studies
have shown that microfluidics can be used to prepare multifunc-
tional hydrogel-based magnetic microfibers with disassembly
functions under a rotating magnetic field [23], as well as droplet-
derived microrobots with self-assembling functions for precise
programmable cargo delivery [17]. These works demonstrated the
versatility of microfluidics in microcarrier design, yet they lack
studies on the simultaneous co-encapsulation of different cargos,
including, e.g., materials, drugs, and cells. Functionalities such
as magnetic navigation, cargo transport, and carrier disassembly
are often demonstrated separately rather than integrated within a
single controllable system. Moreover, for safe, minimally invasive,
and efficient medical use, microcarriers should be engineered
to degrade, e.g., inside the body, after completing their pro-
grammed tasks [2]. However, precise and independent control
over transport and release remains challenging in many existing
systems.

In this work, we address this challenge by developing a multifunc-
tional microcarrier platform that combines magnetic navigation,
co-encapsulation of therapeutic or biological cargos, and pro-
grammable hydrogel degradation within a single controllable
system. To realize this concept, we fabricate soft, degradable,
and magnetic hydrogel microcarriers through a high-throughput
droplet microfluidic system combined with UV photopolymer-
ization of hydrogel materials (Figure 1B,C). By co-encapsulating
superparamagnetic particles (load up to 10% v/v) with drugs
or living cells into poly(ethylene glycol) diacrylate (PEGDA)
hydrogel microcarriers (diameter ~500 pm), we create hydro-
gel microcarriers compatible with therapeutic delivery, living
systems, and controlled degradation. We demonstrate precise
control of carrier motion under external gradient magnetic fields
(up to 2 T m™) and their tunable degradation, with complete
matrix dissolution achievable over timescales of several days to
a week, depending on hydrogel composition, temperature, and
pH (Figure 1D). The microcarriers enable efficient antibiotic
delivery, with a stable antimicrobial effect on Escherichia coli (E.
coli), directly correlated to the encapsulated drug concentration
(Figure 1E). Hydrogel microcarriers also support mammalian cell
culture and cancer spheroid growth, with successful demonstra-
tion of tissue delivery in vitro. By integrating magnetic guidance,
programmable degradation, and application-dependent cargo
loading within a single system, the microcarriers establish a
controllable lifecycle from guided transport to time-regulated
disassembly. Such spatiotemporal control over cargo delivery pro-
vides a versatile and sustainable strategy for minimally invasive
therapies, regenerative medicine, and diagnostic monitoring.

2 | Results

To provide a foundation for the multifunctional behavior pre-
sented in the following sections, we first detail the fabrication of
degradable magnetic PEGDA microcarriers. This fabrication step
is essential for achieving controlled magnetic actuation, tunable
degradation, and co-loading of therapeutic or cellular cargos.

2.1 | Fabrication of Magnetic PEGDA Hydrogel
Microcarriers

A large number (up to 10*) of sub-millimeter hydrogel-based mag-
netic soft microcarriers were fabricated in a liquid environment
using a custom-developed, T-junction-based microfluidic setup
coupled with a UV gelation system (Figure 1B). The mechanical
properties of the PEGDA hydrogel microcarriers can be tuned in a
wide range of elastic moduli (10?-107 Pa) [31]. Superparamagnetic
dynaparticles (iron oxide particles) of 1 um diameter based on
polystyrene and iron oxide nanoparticles were co-injected into
the T-junction to reach different final loading fractions of mag-
netic particles inside hydrogel microcarriers, enabling tunable
magnetic responsiveness and controlled gelation for stable bead
formation [32]. When filled with superparamagnetic microparti-
cles, soft hydrogel microcarriers also reveal superparamagnetic
behavior (Figure S1). After UV exposure (mean intensity: 18 or
34 mW cm™2, irradiation time: 0.2-8 s, Figure S2), due to the
presence of hydrodynamic mixing of the components within
emulsion droplets before polymerization, magnetic particles
could be nearly homogeneously distributed within the volume
of hydrogel microcarriers. In contrast, when integrating a per-
manent magnet into the setup near the UV polymerization area,
Janus-type microcarriers with an inhomogeneous distribution of
magnetic particles across the bead could be fabricated as well
(Figure 1C).

2.2 | Impact of the Magnetic Particle
Concentration and UV Exposure Time on the
Fabrication of Microcarriers

After establishing a robust high-throughput fabrication platform,
we fabricated soft microcarriers containing different concentra-
tions of magnetic particles (0%-10% (v/v)) under different UV
exposure times (from 0.2 to 8 s, fixed mean intensity: 34 mW cm™2)
(Figure 2). The concentration of encapsulated magnetic particles,
photoinitiator content, UV light intensity, and UV exposure time
play a crucial role in the gelation of soft microcarriers. In turn,
the gelation efficiency crucially impacts the ability to immobilize
magnetic particles within the hydrogel matrix and to achieve
deterministic properties of soft hydrogel robots. The influence of
UV exposure time and different concentrations of magnetic parti-
cles within droplets on the fabrication of hydrogel microcarriers is
shown in Figure 2A-C. While a change in the microparticle con-
centration impacts the responsiveness of soft microcarriers to an
external magnetic field, exposure time influences polymerization
efficiency and mechanical properties of hydrogel microcarriers
(Figure 2A). A very short exposure time and an excessively
high concentration of injected magnetic microparticles could
result in incomplete gelation (Figure 2A) due to absorption and
scattering of light by magnetic microparticles within a hydrogel
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FIGURE 1 | PEGDA microcarrier fabrication and applications. (A) Overview of soft functional materials and fabrication techniques, including
3D printing and microfluidics. (B) Schematic illustration of the generation of PEGDA microcarriers with superparamagnetic particles, including
photographs of the microfluidic setup for the preparation of functional microcarriers and optical micrographs of PEGDA hydrogel microcarriers with
magnetic particles. (C) Mechanism of PEGDA photopolymerization and illustrations of homogeneous and Janus-type PEGDA hydrogel microcarriers.
The latter are fabricated when hydrogel-based magnetic microcarriers are photopolymerized in a gradient magnetic field. (D) Illustrations of the
degradation of PEGDA hydrogel microcarriers influenced by temperature and pH. (E) Applications of PEGDA microcarriers in soft robotics, 3D cell
culturing, healthy cell transportation, and drug delivery.

bead. To obtain soft microcarriers with uniform magnetic 2% (v/v) (e.g., 3 and 4% (v/v)) start blocking the UV polymer-
microparticle distribution, we varied the concentration of FeO, ization process (for the exposure time of 1.2 s) due to strong
magnetic particles and UV exposure time. The precursor mixtures light absorption within the microcarriers (not shown). Droplets
of PEGDA and phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) containing up to 10% (v/v) of magnetic particles begin to gel at
were prepared with different concentrations (0.05%-10% (v/v)) around 0.2 s of UV exposure. To reliably obtain homogeneous
of magnetic microparticles with a diameter of 1 ym. The results microcarriers, the shortest polymerization time was about 2.4 s.
show that concentrations of magnetic microparticles higher than When the exposure time is short (<2.4 s) and the gelation process
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FIGURE 2 | Impact of experimental parameters on the fabrication of magnetic microcarriers and motion of microcarriers in a gradient magnetic
field. (A) Photographs of microcarriers generated with different concentrations of magnetic particles. (B) Photographs of microcarriers fabricated using
different exposure times. (C) Representative images of Janus hydrogel microcarriers containing different concentrations of magnetic particles. Mean
UV intensity: 34 mW cm~2, exposure time: 8 s. (D) Schematic of the velocity measurement experiment when magnetic microcarriers are exposed to a
gradient magnetic field (I); Microcarriers tracking over time under different gradient magnetic fields (II), tracking paths of the same microcarriers at
the 10-s time stamp under different magnetic field strengths 20, 50, 100, 150, and 200 mT and corresponding gradients of 0.15, 0.39, 0.81, 1.3, and 1.7 T
m™, respectively (IIT); Dashed lines with an arrow illustrate the approximate displacements. Average velocities obtained from the tracking of different
magnetic microcarriers containing 3, 7, and 10% (v/v) of magnetic particles under different magnetic field strengths. The diameter of the bead is about
500 um. UV exposure time: 1.22 s, mean intensity = 34 mW cm~2. (E) Magnetic PEGDA microcarrier navigation within an electromagnetic system in a
water bath. Programmed (dashed lines) and experimentally observed (solid lines) paths of the microcarriers (I&II); Time evolution of bead coordinates
(MI&IV).
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is relatively slow, magnetic microparticles form undesirable
mixing patterns inside hydrogel microcarriers (see red arrows
in panels A and B, Figure 2). We also observed that, under all
polymerization conditions, individual magnetic microparticles
immobilized at the surface of hydrogel microcarriers were loosely
attached to the PEGDA matrix and could leach into the solution.
The leaching can be minimized by reducing the concentration of
magnetic microparticles used for the fabrication of magnetic soft
microcarriers to <1% (v/v).

Besides soft hydrogel microcarriers with a homogeneous distri-
bution of magnetic particles, we also explored the process of
generating Janus-type hydrogel microcarriers (Figure 2C). For
this purpose, we injected different concentrations of magnetic
microparticles (2, 1, 0.5, 0.1, and 0.05% (v/v)) into microfluidic
droplets and used a UV lamp (mean intensity: 34 mW cm™2)
with an exposure time of 1.2 s. We placed a permanent magnet
(NdFeB) within the UV polymerization area, resulting in an
applied magnetic field of about 50 mT (at a distance of 2 mm
from the fluidic tubing). The drift velocity of magnetic particles
in a gradient magnetic field (Figures S3-S5) can be described
by the equilibrium between the Stokes’ drag force and magnetic
gradient force as discussed in a previous report [33]. The gradient
magnetic field resulted in a quick attraction of superparamagnetic
microparticles toward the region of high field gradient and thus
their accumulation at one of the edges of hydrogel microcarriers
(Figure 2C). We observed that magnetic particles aggregated
on one side of the microcarriers, appearing to align with the
magnetic field lines (red arrows shown in Figure 2C). For high
loading fractions of magnetic microparticles (>2% (v/v)), the
structural inhomogeneity cannot be formed.

2.3 | Microcarrier Navigation Along Complex
Paths

Next, we analyzed the motion of magnetic soft microcarriers
placed in an aqueous medium (Figure S9), under an applied
external magnetic field gradient due to magnetophoresis [34]
(Figure 2D). We then quantified their velocity by measuring the
distance traveled over time intervals of >10 s. A schematic of the
velocity measurement experiments is shown in Figure 2D (I). The
microcarriers were loaded in a petri dish and placed between pole
shoes of an electromagnet separated by about 10 cm. One coil
of the electromagnet was not driven, while the magnetic field
gradient was applied by driving the second coil. The magnetic
field, reported in the following, was measured at the pole shoes of
the second coil. In this respect, as the distance between the pole
shoes is kept constant, the gradient magnetic field is proportional
to the applied magnetic field. The biasing magnetic field is
needed to induce a magnetic moment in the otherwise superpara-
magnetic microcarriers. Magnetic microcarriers with different
loadings of magnetic microparticles reveal different responsivity
to the same magnetic field. In particular, microcarriers with very
low concentration of magnetic particles (e.g., 0.05%, data not
shown) show no response to an external magnetic field. Magnetic
microcarriers are subjected to a magnetic field of specific strength
and gradient, inducing their movement to the region of a higher
magnetic field gradient (in our experiment, from right to left;
Figure 2D and Movie S1). The velocity of a magnetic bead with
a homogeneous distribution of magnetic microparticles is found

to scale quadratically with the strength of the applied magnetic
field for low concentration of magnetic particles per carrier
(Figure 2D (II)), which is in line with prior reports on the field-
driven displacement of superparamagnetic particles [35]. With
the increase of the concentration of magnetic particles per carrier,
we observe a transition from quadratic to linear scaling of the
carrier velocity with the magnetic field strength (Figure 2D and
Figure S10), which may arise from the combined influence of
enhanced dipole-dipole interactions, local particle heterogeneity,
and asymmetric particle distributions within the hydrogel matrix
at elevated particle concentrations (Note S1) [17, 28].

Finally, we demonstrate the potential of microcarriers for individ-
ual navigation by autonomously moving two microcarriers along
two distinct 2-D paths simultaneously (Figure 2E and Movie S2).
An electromagnetic system with nine coils [36] (Figure 2E (1))
was used to generate magnetic forces on the microcarriers to
move them along the programmed paths while they floated on
the surface of water (Figure 2E (I,II)) [37]. The path-following
algorithm successfully moved the microcarriers with desired
velocities (Figure 2E (I,III)). Using this approach, one bead was
guided along a straight line (Figure 2E (LIII)), while another
one followed a circular trajectory (Figure 2E (II,IV)). Although
each bead started off the target path, both converged toward their
respective trajectories as they moved toward the endpoints. With
this experiment, we demonstrate that our microcarriers can be
navigated using automated systems for magnetic manipulation
[18].

2.4 | Programmable Degradation Behavior of
Magnetic Soft Microcarriers

The diverse applications of magnetic microcarriers in
biomedicine require tunable material properties from long-term
stability to rapid post-delivery degradation. Here, we demonstrate
the ability to tailor magnetic microcarriers on demand, tuning
their longevity for longer (>15 days) or shorter (<3 days)
lifetimes. To meet these requirements, microcarriers must be
designed with appropriate materials and responsive degradation
mechanisms. PEGDA hydrogels are well-suited for this purpose,
as they can degrade primarily through hydrolysis, enabling
controlled lifetimes from rapid breakdown to extended stability
[38]. The stability (slow degradation) of hydrogel microcarriers
is governed by a number of factors, such as crosslinking density,
molecular weight, and environmental conditions [39]. We
investigated the degradation profiles of PEGDA-based magnetic
microcarriers (500 um in diameter), and their stability and
degradation behaviors are illustrated in Figure 3A. The stability
and degradation of microcarriers were systematically investigated
for PEGDA700 microcarriers fabricated with 1% (v/v) magnetic
microparticles and PEGDA6000 microcarriers fabricated with 2%
(v/v) magnetic microparticles, both exhibiting excellent gelling
properties. Detailed experimental parameters are summarized in
Table S1. These hydrogel microcarriers were dispersed in aqueous
solutions with different pH values ranging from acidic (pH 2),
through neutral (pH 7), and up to alkaline (pH 12). These samples
were further divided and incubated at different temperatures
starting from room temperature (RT), through 37°C, 60°C,
and up to 85°C. The results of the degradation of magnetic
microcarriers are summarized in Figure 3 and Figures S11-S13.
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FIGURE 3 | Controlled design of degradable magnetic microcarriers. (A) Illustration of the influence of monomer molecular weight, temperature,

and pH on the degradation time of magnetic soft microcarriers. (B) Representative morphology of magnetic microcarriers cultured at 37°C under
acidic (pH 2; top row), neutral (pH 7; middle row), and alkaline (pH 12; bottom row) conditions for different molecular weights of PEGDA monomer.
Microcarriers PEGDA 700 10% (w/v) generated with 1% (v/v) of magnetic particles (diameter: 1 um) (I) were fabricated under mean UV intensity of 18
mW cm~2 and irradiation time of 0.2 s; Microcarriers PEGDA 6000 10% (w/v) and 7.5% (w/v) generated with 2% (v/v) of magnetic particles (diameter:
10 pum) (IT) were fabricated under mean UV intensity of 230 mW c¢cm™2 and irradiation time of 2.5 s. Scale bar = 200 um. (C) Degradation states of the
microcarrier corresponding to the conditions shown in (B). In panel (C), “1” represents stability of the carriers with respect to degradation under the

indicated conditions. “0” indicates that the carriers have degraded.
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The molecular weight and concentration of PEGDA monomer
have a strong influence on the degradation profiles of the
microcarriers. Overall, microcarriers generated with PEGDA700
exhibited greater stability than those fabricated with PEGDA6000
under all tested conditions. PEGDA700 magnetic microcarriers
remained stable for several weeks at 37°C (Figure 3B,C (1)) across
all three pH conditions, whereas PEGDA6000 microcarriers
fabricated at 10% (w/v) were only relatively stable under
neutral conditions (Figure 3B,C(II)). In contrast, PEGDA6000
microcarriers prepared at 7.5% (w/v) degraded within 2 days in
all pH environments (Figure 3B,C(III)). Elevated temperatures
make the strongest impact on the degradation profile of the
microcarriers, leading to their complete dissolution already
after days 2 to 5 (Figure 3 and Figures S11-S13). Furthermore,
acidic and alkaline pH accelerate the degradation processes
by causing additional swelling of the microcarriers (see circles
in Figure 3B (I) and Figure S13), which increases the porosity
of the material. It was observed that PEGDA700 microcarriers
(UV intensity = 18 mW cm™?, irradiation time ~ 0.2 s) degrade
within approximately 10 days when incubated in a solution
of pH 2 or pH 12 at 85°C (Figure S13). The degradation could
originate primarily from the hydrolytic cleavage of ester bonds
under both acidic and alkaline environments, which reduces
crosslinking density and generates carboxyl (—COOH) and
hydroxyl (—OH) groups, facilitating bulk erosion [38]. The
process is subdivided into three phases, starting from the
swelling (1) of the entire bead (increase of measurable diameter
up to 10%-15%) and consequent increase of pore size in the
hydrogel matrix, followed by the cleavage of ester bonds, i.e.,
erosion and dissolution [38] (2) of the matrix, and release (3)
of magnetic microparticles into the solution, as illustrated in
Figure S13.

Interestingly, the presence of magnetic microparticle inclusions
additionally accelerates the degradation of magnetic microcar-
riers, compared to bare hydrogel microcarriers (Figure S14).
This can be ascribed to a “premature” leaching of magnetic
microparticles in the solution due to hydrogel swelling, producing
um-sized voids in the hydrogel matrix that induce heterogeneous
swelling and enhance infiltration of the aqueous solution. Super-
paramagnetic microparticles that are released in the solution,
as shown in Figure S13 (Day 10), can potentially be collected
using a permanent magnet and reused in the next hydrogel bead
generation process.

2.5 | Magnetic Carrier-Mediated Drug Delivery
for E. coli Eradication

To evaluate the antibiotic delivery potential, we first confirmed
the transport of the -lactam antibiotic cefotaxime (CTX) loaded
magnetic microcarriers (10% (v/v)) through a 5 mm wide 3D-
printed channel from chamber 1 (t = 0 s) to the intended
“microbially contaminated” chamber 2 (t = 12 s) (Figure 4A).
The magnetic microcarriers were successfully guided under a 200
mT magnetic field gradient, demonstrating the ability to navigate
in confined environments. Then, the carriers were immersed in
different concentrations of CTX for 16 h at 2°C-8°C to achieve
antibiotic drug loading (Figure 4B (I)). The drug-loaded magnetic
microcarriers were then introduced into wells cultured with
the gram-negative and CTX-sensitive E. coli YFP (E. coli strain

- MG1655 galK::SYFP2-FRT-cat-FRT with minimum inhibitory
concentration (MIC) of 0.0625 ug mL™) at an inoculum of ODg,
= 0.01 A (5.1 x 10° cells mL™) (Figure 4B (II)). As the treatment
progressed, the proliferation and morphology of the E. coli were
significantly affected by increasing the concentration of CTX
(Figure 4C and Figures S15-S17). In the absence of CTX (control
group), the cell density rose to approximately 4 x 10* cells mm—2
after 4 h and continued to increase thereafter (Figure 4D (I)),
indicating normal bacterial growth. However, with the introduc-
tion of CTX, bacterial growth was significantly suppressed. When
the CTX concentration was increased from 0.1 to 1.5 pg mL™,
the number of E. coli YFP cells reached only about 2 x 10* cells
mm~? after 8 h of culture. Notably, under these conditions, cells
exhibited a tendency to form filaments, a well-known reaction to
the antibiotic stress [40]. The microbial filaments reached lengths
up to about 120 um (Figure 4D (II)), which is in agreement with
previous studies [37]. Further increasing the CTX concentration
to 5 and 10 uyg mL~! caused a decline in cell growth and induced
cell death, demonstrating a clear dose-dependent antibacterial
effect.

2.6 | 3D In Vitro Tissue Culturing

We selected the PEGDA monomer with a molecular weight of
6000 to form a soft extracellular matrix that is suitable for cell
proliferation. As the use of larger PEGDA monomers causes the
formation of a hydrogel with larger pores, magnetic particles of
10 um in diameter, a size comparable to that of the cells, were
incorporated to endow magnetic properties and prevent particle
leakage from microcarriers.

To demonstrate the versatility of our platform, we cultured the
human pancreatic ductal adenocarcinoma cell line PANC-1 and
the mouse fibroblast cell line 1L929 within the PEGDA microcarri-
ers (Figure 5A) and confirmed the successful generation of Janus
microcarriers (Figure 5B). To assess biocompatibility and tissue-
transport capabilities of the microcarriers, and to highlight their
potential use in tissue engineering and regenerative medicine,
the mouse fibroblast 1929 cell line, a standard cell line for
biocompatibility and toxicity testing of materials and chemicals,
was encapsulated into the PEGDA microcarriers (Figure 5C).
No significant difference in 1929 cell proliferation and viability
was observed when cultured with or without magnetic particles
(Figure 5E and Figures S18 and S19). The cells maintained high
viability even after 2 weeks of culturing (Figure 5E). Clear cell
death was observed after 20 days, likely due to nutrient and
oxygen depletion in a confined 3D structure. L929 cells exhibited
a typical filamentous, stretched morphology both inside and on
the surface of the microcarriers (Figure 5F), indicating active
extracellular matrix synthesis. After approximately 1 week of cul-
turing, 1929 cells migrated out of the microcarriers and continued
proliferating on the plate. For implantation purposes in tissue
engineering, it is generally desirable to retain cells at the implan-
tation site while allowing dissolution of the artificial matrix.
Hydrogel carriers generated using 7.5% (w/v) PEGDA showed
matrix degradation within one week of culturing (Figure 5G).
These results indicate that bead degradation can also be tailored
when the carriers are loaded with cells, which may facilitate tissue
implantation depending on the cell type. Furthermore, magnetic
navigation tests using a permanent magnet demonstrated that the
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FIGURE 4 | Magnetic carriers for antibiotic delivery and antibacterial effect. (A) Magnetic microcarriers (10% (v/v)) transport through a 5 mm
channel under electromagnetic navigation (200 mT); Dashed lines with an arrow indicate the approximate displacement. (B) Schematic of 10% (v/v)
magnetic carriers CTX loading (I) and releasing CTX for drug delivery and E. coli killing tests (II). (C) Proliferation and growth of E. coli YFP in the
presence of magnetic carriers with different concentrations of CTX (0.1, 0.5, 1.5, 5, and 10 mg mL™!) at different time points. (D) Cell densities (I) and
average length (IT) of E. coli YFP (cells mm~2) quantified from panel C. Dashed lines indicate estimated trends where the numbers and lengths of E.coli
cells were not precisely measurable, while the overall findings remain reliable.

8of 14 Advanced Materials, 2026

85U8017 SUOWILIOD BA1e.1D) 8|qeotjdde ay) Aq pauIsnob ae sspiie O ‘88N J0 Sa|n 10} Aiq18Ul|UO A1 UO (SUORIPUOD-PUR-SWLBYW0D" A3 1M A1 1 UIIUO//:SANY) SUORIPUOD PUe SIS | 811 89S *[9202/80/6T] U0 AkiqiTauluO A8]iIM ‘Wuswiiedsd 8oueul4 s1UM | JO AVSIAIUN A GELEL BWIPe/Z00T 0T/I0p/LI00" A8 | Im Ale.d 1[pul [UO"peoUeADe//Sthiy W1} pepeojumoq ‘Tt ‘9202 ‘S60vTZST



A uv PEGDA Tissue regeneration &
| O|l o Magnetlc tlssuetransportatloncontrolled artificial matrix.
degradation

CeII medium E e caaep

« 3 \ A =Y O
+ . " -
“ 8 In vitro modeling % -

MPs PANC-1 L929

PANC-1+MPs PANC-1+MPs |
° *'. .~ T4 é ’
90 %‘3‘ @
. v A » e

L929+MPs (929 Dayo0
+MPs o

e 3

Il L929MCs Os
+ MPs \}("
0

1000 pm

'L929+ MPs

OnMCs .-~ 9MCs Day 2 Day 5 Matrix Day 7

Stretched . e :
[ " ﬂlorphology,/’ B L baa N _ degraded

Insi MCs ,’/“ E R Q

// - %
l vzo um / v ‘ ¥
T !

FIGURE 5 | 3D tissue culturing in PEGDA carriers. (A) Illustration of microcarriers with cell and magnetic particle co-encapsulation, in vitro cell
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carriers containing cells could be guided along both linear and
square trajectories (Figure 5D).

In addition, PANC-1 cells were successfully maintained in the
microcarriers, with no significant differences in proliferation
or viability compared with controls (Figure S20). These results
demonstrate that the platform supports not only fibroblast
growth but also the formation and magnetic navigation of cancer
spheroids. Given the rapid and controllable degradation of the
hydrogel matrix, this system may be particularly valuable for
developing implantable or migratory tumor models in animals.
Overall, these findings highlight the biocompatibility, in vitro
modeling capability, and tissue-engineering potential of the
degradable magnetic microcarriers.

3 | Discussion and Conclusion

In this work, we present a versatile platform of degradable mag-
netic hydrogel microcarriers that integrate (i) co-encapsulation
of magnetic particles with biological or therapeutic payloads,
(ii) controllable navigation along complex trajectories, and (iii)
programmable or triggered degradation, which highlights the
strength of droplet microfluidics for high-throughput and highly
tunable fabrication of microcarriers. Together, these capabilities
enable a system-level functionality in which transport, cargo
loading, and degradation are integrated within a single platform.

A key advantage of this system is its ability to co-encapsulate mag-
netic particles together with biological or therapeutic cargo, such
as L929 fibroblasts, PANC-1 cancer spheroids, or drugs. This direct
co-loading approach preserves cell viability within a protective
hydrogel matrix and provides a magnetically responsive structure
that can be guided remotely. Our demonstrations with fibroblasts
and pancreatic cancer spheroids show that the microcarriers can
support 3D tissue growth while being magnetically navigated
with their living cargo. The ability of the microcarriers to
transport viable tissue constructs further expands their potential
applications, including human pluripotent stem cell culture,
tissue regeneration, and other cell-based therapeutic strategies
[41].

Another central feature of the platform is that the microcar-
riers demonstrated robust navigation under externally applied
magnetic field gradients, including the ability to follow prede-
fined complex trajectories. This behavior supports the potential
for automated closed-loop navigation systems. The controllable
guidance concept aligns with microrobotic navigation, where
magnetic fields can be used to precisely position therapeutic or
cellular cargo. In future translation efforts, the magnetic control
demonstrated here could be integrated with clinically validated
magnetic steering technologies [23, 42]. Such systems already
provide precise magnetic field steering for intravascular devices
and could be extended to microcarrier navigation, particularly for
minimally invasive therapeutic interventions [43].

Moreover, the degradable hydrogel matrix ensures that, once
positioned at the target location, the microcarrier gradually
dissolves, releasing the embedded tissue and/or supporting
the integration in vivo. This effectively enables the temporal
regulation of cargo release following guided transport, linking

degradation behavior to functional delivery outcomes. While this
degradation originates from the intrinsic hydrolytic instability of
PEGDA networks, in our system it is systematically engineered
and tunable, rather than being a passive material property.
Specifically, the degradation rate can be modulated by parameters
such as polymer molecular weight, crosslinking density, and
environmental conditions (e.g., pH and temperature), allow-
ing the microcarriers to maintain structural integrity during
transport and subsequently disassemble in a controlled manner.
In addition, the incorporation of magnetic particles introduces
structural heterogeneity and facilitates fluid penetration into the
hydrogel network, further enabling programmable degradation
over application-relevant timescales. This feature is particularly
relevant for regenerative medicine, subcutaneous implantation,
and the development of in vivo models, as the degradation rate
can be tuned to match the desired biological integration time.
The microcarriers also exhibit accelerated degradation at elevated
temperatures, enabling hyperthermia-triggered dissolution at the
target site [43]. This property can be further exploited for mag-
netic thermotherapy, where moderate hyperthermic conditions
promote controlled hydrogel breakdown in a spatiotemporally
defined manner, enhancing the precision and safety of tissue or
therapeutic delivery.

Overall, this study demonstrates that degradable magnetic micro-
carriers fabricated via droplet microfluidics provide a powerful
and flexible platform for biomedical applications. Importantly,
beyond individual functionalities, the system establishes a pro-
grammable microcarrier lifecycle, in which magnetic navigation
governs spatial positioning while engineered hydrogel degra-
dation controls post-delivery disassembly and cargo release,
thereby enabling spatiotemporal control over cargo delivery.
Besides these advantages, some limitations remain. The mag-
netic particles used in this study are not biodegradable, which
may pose challenges for long-term biocompatibility and clear-
ance, and our demonstrations remain confined to controlled
environments rather than clinically realistic conditions. Future
work will require the incorporation of biodegradable magnetic
materials, validation of navigation and degradation behavior in
relevant biological models, and the conduct of in vivo safety and
integration studies. These steps will be essential for translating
the microcarriers from an experimental system to a deployable
biomedical technology compatible with existing magnetic steer-
ing frameworks. Looking forward, the multifunctionality and
precise fabrication of such soft hydrogel carriers open new oppor-
tunities for minimally invasive therapies, targeted drug delivery,
and diagnostic monitoring. This approach could be extended to
produce soft magnetic carriers of different geometries, such as
rods and fibers, for a broader range of biomedical applications.

4 | Experimental Section

4.1 | Generation of Hydrogel Microcarriers
Loaded with Magnetic Particles

Droplets were formed using a T-junction (Figure 1B), where
three tubes with an internal diameter of 500 pm met. By dosing
a water-based polymer solution and HFE oil (hydrofluoroether
oil), small amounts of the two liquids were created as sub-
mm droplets depending on the dosing ratio. The dosing was
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realized using a NEMESYS pump (Cetoni, Nemesys) with two
dosing modules. Each module was equipped with a 5 mL syringe
containing one of the liquids. The water-based polymer solution
contained 10% (w/v) PEGDA (PEGDA 700, Sigma), 0.1% (w/v)
LAP (Sigma), and various amounts of magnetic particles. The
flow rate ratio had to be adjusted to realize a stable emulsion.
Typical flow rates used in our experiments are 40 mL/h for
HFE-7500 (3M) and 2 mL/h for the aqueous solution. This flow
rate ratio resulted in close-to-spherical droplets with a diameter
of about 500 um. After preparation, a series of droplets was
stored in a storage unit, which was represented by a 1 m long
tubing. For polymerization, the droplets were moved at a flow
rate of 1.025 mL/h to a polymerization unit, where they were
illuminated with UV light (365 nm wavelength; mean intensity:
18 or 34 mW cm™2) and exposed for up to 8 s. After exposure,
the bead carriers were collected in an Eppendorf tube (5 mL).
To fabricate Janus-type magnetic microcarriers, a permanent
magnet was placed below the tube before the droplet gelation
process. The UV exposure time and a series of concentrations (2,
1, 0.5, 0.1, and 0.05% (v/v)) of superparamagnetic dynaparticles
(diameter: 1 pm, Sigma) were tested to investigate different
factors impacting the microsphere morphology. PEGDA6000
microcarriers were fabricated following a previously reported
protocol, and 10 pm superparamagnetic dynaparticles Sigma)
were incorporated [44]. The magnetic field decay of a magnet
was measured using a hand Gaussmeter (HGMO09s, MAGSYS
magnet systeme GmbH.) from the magnet was fitted in Origin
using a two-parameter power function,y = A - (1 + x)®, which
accounts for the finite field at the magnet surface and models
the decay with distance through the adjustable exponent B
(Figures S3-S5). In addition, the magnetic field intensity at the
magnet surface was measured using a CMOS-MagView device
(software version 1.6.0.11b), which provided a surface field dis-
tribution over an approximately 4.5 mm region surrounding the
magnet.

4.2 | Measurement of the Velocity of
Microcarriers in a Gradient Magnetic Field

A displacement of magnetic microcarriers in a gradient field of a
permanent magnet was recorded with a camera (Nikon D7500).
To quantify the velocity when exposed to a magnetic field of spe-
cific strength and gradient, magnetic microcarriers were loaded in
a petri dish containing water (top) and HFE oil (bottom) phases
(Figure S9). Microcarriers (stained with trypan blue 0.5% (w/v)
overnight under 2°C-8°C) floated at the interface of the water
and oil. The petri dish was placed under an adjustable magnetic
field supplied by the DXWD-80 electromagnet (Dexing Magnet
Tech. Co., Limited; software: T 1.0.0.139). Different magnetic field
strengths (40, 75, 150, and 240 mT) and corresponding gradients
(0.3, 0.6, 1.3, 2 T/m) were applied to generate magnetic forces.
Snapshot movies were recorded by a microscope for measuring
the displacement of magnetic microcarriers in a gradient field.

4.3 | Magnetic Navigation Demonstration
An electromagnetic system with nine coils [36]. was used to

generate magnetic forces on the microcarriers to move them
along the paths while they floated on the surface of water, similar

to the work described in a previous report [37]. The path following
algorithm moves the microcarriers at a desired velocity, U,, which
is calculated as the weighted sum of a velocity component in the
direction tangential to the closest point on the path to move the
microcarriers forward, and a velocity component normal to the
path to correct for error. The final velocity vector is calculated as

dh +d,t
v,=vf—n+ rt ¢Y)
Vd2+d;

where v, is the desired speed (we arbitrarily chose 15 um/s), fi is
a unit vector normal to (pointing toward) the path, t is a unit
vector tangential to the path, d is the distance from the bead
to the nearest point on the path, and d, is a control parameter
to weight between the normal and tangential components. The
desired force to apply to the bead is

f =ky (vp+k, (pa — D)) ©)]

where kj is a feedforward control gain used to compensate for
drag forces, and k,, is a proportional gain penalizing the difference
in the bead’s position, P, and the desired position, P,;, which is
calculated by numerical integration of ¥,. Finally, the calculation
of the currents required to achieve the desired force is described
in a previous report [36].

A camera suspended above the workspace of the electromagnetic
system was used for image capture. OpenCV [45] was used
to detect each of the microcarriers in the image using color
thresholding and the Circle Hough Transform.

4.4 | Degradation Study Under Different pH and
Temperature

Preparation of acidic (pH 2), neutral (pH 7), and alkaline (pH
12) solutions: The acidic solution was prepared by diluting
30% hydrochloric acid (VWR BDH Chemicals) with deionized
water. The neutral solution was prepared using phosphate-
buffered saline (PBS; Sigma-Aldrich) by dissolving one tablet
in 200 mL of deionized water. The alkaline solution was pre-
pared by solid sodium hydroxide (Sigma-Aldrich). Microrobotics
fabricated under different UV exposure (mean intensity: 3.6-34
mW-cm™?; irradiation time: 0.2-8 s) were maintained in acidic,
neutral, and alkaline solutions (volume: about 3.4 mL each) by
using a 24-well cell culture-treated plate (Corning Costar, REF
3526; flat bottom; polystyrene; non-pyrogenic). To evaluate the
temperature-dependent degradation, the samples were incubated
under three different temperature conditions: room temperature
(approximately 22°C), 37°C using a shaker incubator (NB-205Q),
60°C, and 85 °C using a laboratory oven (Heraeus T6).

4.5 | Electromagnetic Navigation in a 3D Printed
Channel

A microchannel was first designed using an open-source 3D
design platform (www.tinkercad.com/). The microchannel, with
internal dimensions of 40 mm (length) X 5 mm (width) x 12
mm (height), was fabricated from clear resin using a 3D printer
(Form 3B, Formlabs Inc., Somerville, MA, USA). A 200 um-thick
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glass coverslip (Menzel-Gléser, 24 x 50 mm, No. 2 thickness,
Thermo Fisher Scientific, Germany) was then bonded to the
bottom of the printed microchannel with the same resin for
printing and cured under natural sunlight for approximately
3 h. Subsequently, 10% (v/v) magnetic carriers pre-stained with
0.5% (w/v) trypan blue were introduced into the channel for
electromagnetic navigation tests using the same device described
above.

4.6 | E. coli Culturing and Drug Delivery Study
4.6.1 | Preparation of CTX-Loaded Magnetic Carriers

Magnetic hydrogel carriers (10% v/v) were incubated in Cefo-
taxime (CTX; Sigma-Aldrich) solutions of 0.1, 0.5, 1.5, 5, and 10
mg mL~! for approximately 16 h at 2°C-8°C.

4.6.2 | Surface Treatment of u-Slide

An ibidi u-Slide (18-well, Grifelfing, Germany) was pre-coated
with 150 uL of poly-L-lysine solution (Sigma-Aldrich) for 15 min
to enhance bacterial adhesion. The solution was then discarded,
and each well was rinsed twice with 200 uL of PBS.

4.6.3 | Bacterial Inoculation and Time-Lapse Imaging

Escherichia coli YFP (E. coli YFP) cells were pre-cultured
overnight in M9 compound medium [40]. The culture was then
diluted to an optical density at 600 nm of 0.01 (ODg,, = 0.01
A, cell density = 5.1 x 10°% cells/mL). Fifty microliters of the
diluted culture were added to each well. After placing the slide
on an inverted microscope (Zeiss Axio Observer Z1) for 30 min to
allow cell attachment, three CTX-loaded magnetic carriers from
each concentration were transferred into separate wells. One well
without carrier served as a negative control. Bacterial growth was
monitored by acquiring images every 20 min.

4.7 | Cell Culturing

Mouse fibroblast 1.929 cells were purchased from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures.
Frozen cells were thawed rapidly and resuspended in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplied with 10% fetal
bovine serum (FBS, Sigma-Aldrich), 1% penicillin/streptomycin
(P/S, Biochrom) and 2 mM L-glutamine (Sigma-Aldrich). Cells
were maintained in T-75 under 5% CO, at 37°C. PANC-1 human
pancreatic cancer cells were purchased from ATCC (CRL-1469)
[46]. PANC-1 cells were cultured in DMEM medium supplied
with 10% FBS, 1% P/S. Cell culture medium was exchanged every
2-3 days. Upon reaching 80%-90% confluency, 1929 cells were
passaged using a standardized protocol. Briefly, cells were washed
with 5 mL sterile PBS to remove residual serum and detached
by incubating with 2 mL 0.05% trypsin-EDTA (Gibco) at 37°C
for 5 min. Trypsinization was halted by adding 8 mL complete
medium. The cell suspension was centrifuged at 300 rcf for 3 min,
and the pellet was then resuspended in fresh medium and seeded
into new culture flasks.

4.8 | Cell Culture in PEGDA Carriers and
Live/Dead Assay

A solution of the complete L929 or PANC-1 cell culture medium
containing 10% (w/v) PEGDA (Mn 6000 Sigma-Aldrich), 0.1%
(w/v) LAP, and L1929 cells (c.a. 1.8x107 cells-mL™") was used as
the water phase (WP). Mineral oil (Sigma-Aldrich) was used as
the oil phase (OP). The flow rates for WP and OP were qyp = 5.5
pL-min~! and qgp = 110 uL- min~'. The applied UV light intensity
was 0.23 W-cm ™2 and the exposure time was ~2.55s. The culturing
cell medium was refreshed every 2-3 days. Cell proliferation
was monitored using an optical microscope (Axio Observer,
Zeiss). To obtain the degradable hydrogel matrix, cell culture
medium containing 7.5% (w/v) PEGDA and 0.075% (w/v) LAP. To
generate the microcarriers with both cells and magnetic particles,
2 or 3% (v/v) 10 um magnetic particles (microparticles based
on polystyrene, #49664, Sigma) were added to the previously
mentioned WP. 1 mL magnetic particles were centrifuged at 300
rcf for 3 min, followed by washing with 99% ethanol and PBS for
3 times, respectively. The magnetic particles were resuspended
in 1 mL 1x PBS and stored in a 4°C fridge before use. A conical
permanent magnet was used for the magnetic navigation test.
The magnetic field decay and the field distribution over an
approximately 4.5 mm region surrounding the navigation magnet
were measured using the same methods described above (Figures
S6-S8). The movement of the microcarriers was recorded using a
Keyence digital microscope (VHX-7000).

Calcein AM/ propidium iodide (PI) live/dead staining was used
to track cell viability in PEGDA hydrogel microcarriers. The
microcarriers were first stained with calcein AM for 1 h (the
first 1 week of culturing) or 3 h (after one week of culturing),
and then with PI for 1 min. The solutions of staining chemicals
were prepared following the instructions from the supplier (VWR
(Corning)). Images were recorded using a confocal fluorescence
microscope (Olympus IX83). The emission wavelengths of the
lasers are 488 and 561 nm, with corresponding band-pass filters
of 500-540 nm and 570-620 nm, respectively. Cell viability was
quantified using ImageJ (version v1.54i). A custom macro was
used to quantify the average intensity by manually adjusting the
threshold.

4.9 | Statistical Analysis

Data are reported as mean + SD. p-values were calculated using
the Two-way ANOVA combined with the Bonferroni multiple
comparison test using GraphPad Prism 10.6.1 depending on the
analyzed dataset. Differences between experimental groups were
considered as significant when ns(0.1234), *p < 0.0332, **p <
0.0021, ***p < 0.0002, and ***p < 0.0001, n > 3.
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