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Biodegradable Metal–Organic Framework-Based
Microrobots (MOFBOTs)

Anastasia Terzopoulou, Xiaopu Wang, Xiang-Zhong Chen,* Mario Palacios-Corella,
Carlos Pujante, Javier Herrero-Martín, Xiao-Hua Qin, Jordi Sort, Andrew J. deMello,
Bradley J. Nelson, Josep Puigmartí-Luis,* and Salvador Pané

Microrobots and metal–organic frameworks (MOFs) have been identified as
promising carriers for drug delivery applications. While clinical applications of
microrobots are limited by their low drug loading efficiencies and the poor
degradability of the materials used for their fabrication, MOFs lack motility
and targeted drug delivery capabilities. The combination of these two fields
marks the beginning of a new era; MOF-based small-scale robots (MOFBOTs)
for biomedical applications. Yet, biodegradability is a major hurdle in the field
of micro- and nanoswimmers including small-scale robots. Here, a highly
integrated MOFBOT that is able to realize magnetic locomotion, drug delivery,
and selective degradation in cell cultures is reported for the first time. The
MOF used in the investigations does not only allow a superior loading of
chemotherapeutic drugs and their controlled release via a pH-responsive
degradation but it also enables the controlled locomotion of enzymatically
biodegradable gelatin-based helical microrobots under magnetic fields. The
degradation of the integrated MOFBOT is observed after two weeks, when all
its components fully degrade. Additionally, drug delivery studies performed in
cancer cell cultures show reduced viability upon delivery of Doxorubicin
within short time frames. This MOFBOT system opens new avenues for
highly integrated fully biodegradable small-scale robots.
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The last two decades have seen the emer-
gence of small-scale robots.[1] These tiny
mobile devices hold great promise for a
multitude of applications in the biomedi-
cal domain, particularly for targeted deliv-
ery of drugs and cells, sensing, diagnosis,
and microsurgery.[2] The main core of re-
search activities in the field of small-scale
robotics has focused on the locomotion as-
pect of these devices.[3] Researchers have
thoroughly demonstrated the motile capa-
bilities of micro- and nanorobots using dif-
ferent approaches such as the use of light,
ultrasound, magnetic, or electric fields, or
combinations of these stimuli.[4] Currently,
the community of small-scale roboticists
is investigating new materials and fabrica-
tion schemes in order to fulfill all the fea-
tures required for their translation into clin-
ical applications.[5] Efforts directed at pro-
ducing mobile micro- and nanorobots with
enhanced biocompatibility, biodegradabil-
ity, and loading of therapeutic cargo have
recently been reported.[6] Despite these ad-
vances, few examples of single small-scale
robotic platforms exist that integrate all the
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Figure 1. a) Schematic illustration of the fabrication of an MOFBOT. First, the GelMA chassis is fabricated with direct laser writing, using two-photon poly-
merization (2PP) stereolithography, and subsequently the chassis is decorated with pre-synthesized DOX@Fe@ZIF-8 crystals. b) An illustration of the
degradation of the MOFBOT. While the GelMA chassis degrades via enzymatic hydrolysis, Fe@ZIF-8 crystals degrade via an acidic pH-triggered process.

necessary characteristics to become suitable candidates for real-
izing in vivo biomedical tasks.[7]

With the aim of realizing small-scale robots with both en-
hanced biocompatibility and biodegradability characteristics, we
propose here a fully degradable hybrid system consisting of a soft
polymeric chassis and a functional coating made of organominer-
alized magnetic metal–organic framework (MOF) composites.[8]

MOFs are porous coordination polymers formed by metallic cen-
ters and organic linkers.[9] Their porous nature allows them
to host therapeutic molecules.[10] Additionally, several MOFs,
such as the zeolitic imidazolate framework-8 (ZIF-8), exhibit
biodegradability and minimal cytotoxicity upon degradation,[11]

making them ideal drug carriers with the capability of controlled
release. However, MOFs lack motile features. There are several
ways to provide MOFs with locomotion capabilities, such as cat-
alytic propulsion, surface tension driven motion, or magnetic
navigation.[12] Compared to other motile MOF systems, magnetic
MOFs can be easily controlled by magnetic fields in terms of di-
rectionality of locomotion. Besides, magnetic fields are of par-
ticular interest in biomedical applications, since they can pen-
etrate the body without causing damage to the tissues. In order
to exploit magnetic fields to control the motion of MOFs, one
strategy involves decorating magnetic micro- and/or nanostruc-
tures with MOF crystals. Various examples in the literature have
shown the potential of this approach, however, the vast major-
ity of these magnetic MOF composites suffer from either multi-
step, complicated fabrication processes, or poor biocompatibil-
ity/biodegradability of the underlying components.[13] Addition-
ally, their locomotion has only been demonstrated by dragging
the MOF with permanent magnets.

Herein, a magnetic MOF composite synthesized with a sin-
gle step synthetic protocol, that is, Fe@ZIF-8, is used to achieve
a highly integrated biocompatible and biodegradable MOFBOT
(Figure 1a and Supporting Information). Fe@ZIF-8 plays a dual

role: i) It provides magnetic control over the locomotion of the
MOFBOT and ii) it acts as an active delivery agent of therapeutic
compounds. The chassis of the MOFBOT consists of biodegrad-
able hydrogel microstructures made by direct-laser writing of
gelatin methacryloyl (GelMA) for the chassis. We show that the
integrated MOFBOT (Fe@ZIF-8@GelMA) can be guided under
external magnetic fields, to perform drug delivery and ultimately
degrade in a cell culture. The in vitro degradation process in-
volves enzymatic degradation of the GelMA chassis and a pH-
triggered degradation of Fe@ZIF-8 (Figure 1b).

We performed an extensive characterization of Fe@ZIF-8 and
compared its compositional, morphological, structural, and mag-
netic features with those of pristine ZIF-8. The morphology and
elemental distribution of the particles were investigated with
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX), respectively. As shown in Figure 2a, while
Fe@ZIF-8 crystals clearly have the typical dodecahedral shape of
ZIF-8 (Figure S1a, Supporting Information), their size distribu-
tion is larger than ZIF-8 crystals with values of 900± 300 nm (Fig-
ure S1c,d, Supporting Information). This variation in the particle
size indicates that adding iron to the reaction media influences
the crystallization mechanism, which results in a broader range
of particle sizes.[8] Figure 2b shows the EDX elemental distribu-
tion maps of Fe@ZIF-8 crystals, which revealed the presence of
C, N, and Zn all over the framework as was expected. Addition-
ally, and in sharp contrast to pristine ZIF-8 where Fe was not
detected (Figure S1b, Supporting Information), the EDX maps
of Fe@ZIF-8 crystals also reveal a homogeneous distribution of
Fe. We then assessed if the porosity was preserved in Fe@ZIF-
8 by means of Brunauer–Emmett–Teller (BET). N2 absorption–
desorption isotherms (Figure 2c) indicate a BET surface area of
about 1500 m2 g−1 for ZIF-8 and of 1200 m2 g−1 for Fe@ZIF-
8. Importantly, these values are in agreement with those previ-
ously reported for ZIF-8 crystals.[14] The smaller value of BET
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Figure 2. a) SEM images of Fe@ZIF-8. b) High-angle annular dark field (HAADF) and EDX maps of a single Fe@ZIF-8 crystal. The EDX maps show
the C, N, Zn, Fe, and O distribution in the crystal. The scale bar is 250 nm. c) N2 absorption–desorption isotherms and calculated BET surface area. d)
Magnetization curves of soft magnetic Fe@ZIF-8 and diamagnetic ZIF-8. e) XRD patterns of ZIF-8 and Fe@ZIF-8. The asterisks indicate the extra peaks
present in the Fe@ZIF-8 crystals. f) XAS and XMCD spectra (multiplied by a factor 5) of Fe@ZIF-8 at the Fe L2,3 edges, and integrated XMCD signal
(multiplied by a factor 5) showing convergence to ≈0.

surface area found in Fe@ZIF-8 crystals is also consistent with
the addition of iron(II) during its synthesis.[8] Figure 2d shows
the magnetization curves of ZIF-8 and Fe@ZIF-8 powders ob-
tained by vibrating sample magnetometry at room temperature.
While ZIF-8 powders exhibit an expected weak diamagnetism,
Fe@ZIF-8 crystals display a typical soft-ferro/ferrimagnetic be-
havior with a saturation magnetization and a coercive field of
10 emu g−1 and 40 Oe, respectively. In order to investigate the
origin of the magnetism observed in Fe@ZIF-8, we performed
additional elementary analysis, X-ray diffraction (XRD), and X-
ray absorption spectroscopy (XAS) measurements. We quantified
the elemental content based on Rutherford backscattering spec-
troscopy (RBS) and elastic recoil detection analysis (ERDA). A de-
tailed description of these measurements is provided in the Sup-
porting Information. Compared to pure ZIF-8 in which the ratio
of Zn, C, and N matches the chemical formula, C8H10N4Zn (Fig-
ure S2, Supporting Information), Fe@ZIF-8 crystals show an ex-
cess amount of metal content with respect to the light elements,
along with the presence of oxygen, suggesting the formation of
metal oxides as a secondary phase in the system. This secondary
phase present in Fe@ZIF-8 crystals could consist of iron oxides,
zinc ferrites, or a mixture of these. The XRD patterns (Figure 2e)
show that, while all the characteristic diffraction peaks of ZIF-8
can be observed in the pattern of Fe@ZIF-8, additional peaks (in-
dicated with an asterisk *) are detected at 31.2°, 35.8°, 37.2°, 43.4°,
53.8°, 57.3°, and 62.9°, representing possible spinel phases, such
as magnetite, maghemite, and zinc ferrite. To further investigate
the nature of these oxides, we performed XAS and X-ray mag-
netic circular dichroism (XMCD) measurements across the Zn

and Fe L2,3 edges. All spectra were recorded at the BL29-BOREAS
beamline of the ALBA Synchrotron (Barcelona, Spain) at room
temperature under an applied magnetic field of 5 Tesla parallel
to the propagation direction of the incident beam.[15] The signal
detection mode was total electron yield. Figure S3a, Supporting
Information, shows the similarity between the spectra recorded
at the Zn L2,3 edges for both Fe@ZIF-8 and the reference ZIF-8.
All peaks identified for Fe@ZIF-8 are also present in the ZIF-8
system, indicating that the coordination of zinc is similar in both
systems. Figure 2f shows the XAS and XMCD measurements at
the Fe L2,3 edges for Fe@ZIF-8. Indeed, we observed similarities
to previously reported systems of zinc ferrite and maghemite.[16]

The integral of the XMCD measurement (Figure 2f) tends to con-
verge to zero, as expected, for a pure Fe3+ high spin-based system
(3d5 with t2g

3 eg
2 spins up configuration), denoting a quenched

angular momentum. Interestingly, a weak but non-zero XMCD
signal is evident in the Fe@ZIF-8 sample at the Zn L2,3 edges
(Figure S3b,c, Supporting Information), indicating a partial occu-
pation of Fe3+ sites by Zn cations in the sample. Based on these
findings, we can conclude that a secondary phase of ferrite was
formed in situ within the framework of Fe@ZIF-8. These fer-
rites are identified as zinc ferrite and maghemite, which explains
the soft-magnetic properties of Fe@ZIF-8 crystals. Accordingly,
Fe@ZIF-8 is a ferrimagnetic MOF composite.

Prior to integrating Fe@ZIF-8 in a microrobotic platform,
we first assessed the potential of Fe@ZIF-8 as a magnetically
active biocompatible/biodegradable drug delivery system. Tak-
ing advantage of the pH-triggered degradability of ZIF-8-based
systems,[11c] we specifically evaluated the release of the model
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Figure 3. a) DOX release from Fe@ZIF-8 composite particles in buffer solutions at different pH, that is, pH = 6 and pH = 7.4. b) LIVE/DEAD staining
images of cells incubated with Fe@ZIF-8 and DOX@Fe@ZIF-8, scale bars 200 µm. c) Cell viability analysis for MDA-MB-231 cells showing efficient drug
delivery of DOX in vitro after 72 h of treatment. d) Interaction of Fe@ZIF-8 particles with cells in a culture. e) Magnetic moment measurement of the
cell pellet showing the change in the magnetic properties over time in a cell culture. f) The color change of cell pellets incubated with Fe@ZIF-8 crystals
at different time periods.

anti-cancer drug Doxorubicin (DOX) loaded in Fe@ZIF-8 as a
function of pH. Figure 3a shows the pH-responsive release of
DOX from Fe@ZIF-8 particles in buffer solutions at acidic (pH =
6, likewise a tumor extracellular environment) and at physiologi-
cal (pH= 7.4) conditions over 96 h. As expected, a rapid release of
DOX occurred in the acidic pH in the first 12 h, with the complete
drug release observed within 48 h. In contrast, no drug release
was observed with the physiological pH over a time period of 96
h, suggesting that Fe@ZIF-8 can potentially maintain the thera-
peutic cargo at a physiological pH, and deliver it only in patho-
logical acidic microenvironments (i.e., pH = 6) such as those
encountered in the extracellular tumor matrix. Next, we per-
formed in vitro DOX delivery experiments to show the potential
of Fe@ZIF-8 particles as drug delivery systems. Human breast
cancer cells MDA-MB-231 were treated with both Fe@ZIF-8
and DOX@Fe@ZIF-8 particles. The LIVE/DEAD staining ex-
periments in Figure 3b show that the cell population incubated
with DOX@Fe@ZIF-8 resulted in aggregates of dead cells clearly

marked in red. The treatment of cells with DOX-loaded Fe@ZIF-
8 resulted in a reduced cell viability of about 35%. The cell viabil-
ity (Figure 3c) was calculated using the control group, which did
not undergo any treatment, as a reference (i.e., cells incubated
with Fe@ZIF-8). After 72 h the cell viability of the population
treated with Fe@ZIF-8 remained at the highest levels (>90%),
thus revealing that the killing efficiency of DOX@Fe@ZIF-8 was
attributed to the released DOX and not to the Fe@ZIF-8 particles.

As our ultimate goal is to develop a fully integrated and
biodegradable microrobot, we next examined the impact of a cell
culture environment in the Fe@ZIF-8 crystals. In relation to in
vivo studies, which show that particle drug delivery systems tend
to concentrate in the excretion organs,[17] we investigated the out-
come of Fe@ZIF-8 in human embryonic kidney (HEK) cells. Sur-
prisingly, in these investigations we observed that after 2 days of
incubation with Fe@ZIF-8 crystals, cells could be attracted with
an external magnet, forming cell pellets from a suspension (Fig-
ure S4, Supporting Information). Confocal microscopy images
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Figure 4. a) Optical microscope images of integrated MOFBOTs. b,c) Magnetic manipulation of Fe@ZIF-8@GelMA structures with a rotating magnetic
field at low and high frequencies showing different locomotion patterns. d) Cells incubated with Fe@ZIF-8@GelMA and e) delivery of DOX with integrated
MOFBOTs (DOX@Fe@ZIF-8@GelMA). f) Degradation of the integrated MOFBOT in the cell culture at days 0, 7, and 14. g) LIVE/DEAD staining at the
end of the experiments (14 days). The length of the scale bars at (a, b, d, e, f, and g) is 100 µm, and 50 µm in (c).

presented in Figure 3d and Figure S5, Supporting Information,
clearly show that the membrane of the cells in these studies were
decorated with particles, which can be ascribed to the Fe@ZIF-8
crystals; this would explain the attraction of the cells to a magnet.
Additionally, we further supported this hypothesis by monitoring
the magnetic moment of the cell pellets at different times (Fig-
ure 3e). While at 0 h the magnetic moment of the cell pellet had a
value of 2.5 × 10−3 emu, we observed that after 48 h a decrease in
the magnetic moment value was apparent. Indeed, at 120 h, no
net magnetic moment was measured in the cell pellet, indicat-
ing the degradation of the magnetic component in the compos-
ite. Moreover, the cell pellets also changed their color with time
from dark brown—characteristic of the Fe@ZIF-8 particles—to
light brown (Figure 3f). Accordingly, and based on these results,
the Fe@ZIF-8 can be readily degraded in the cell culture over
time. We also investigated the degradation products after 72 h of
incubation in terms of morphology and elementary distribution
(Figure S6, Supporting Information). As expected, we could not
find the typical Fe@ZIF-8 crystallites and only small particulates
(most probably a mixture of metal oxides) with diameters less
than 150 nm were present. Previous studies on ZIF-8 for biomed-

ical applications suggest that the degradation mechanism of ZIF-
8 involves the uptake of particles by cells and further hydrolysis
in endosomes where the pH value is between 4.5 and 6.5.[18] Tak-
ing into account our results, a similar mechanism could be pro-
posed for Fe@ZIF-8, where the degradation of the MOF frame-
work (and the complete drug release) occurs over the time range
24–48 h in acidic pH, and the magnetic phase degrades slowly
(over 120 h) in agreement with previous studies.[19]

Having demonstrated that Fe@ZIF-8 is a biocompatible and
biodegradable magnetically active MOF, we next integrated
Fe@ZIF-8 crystals onto the surface of 3D printed microchassis
for controlled locomotion and drug delivery applications. In this
work, GelMA was chosen as the biodegradable chassis, which led
to the fabrication of a fully degradable and highly integrated mi-
crorobot system.[20] A helical shape was adopted, as it has been
demonstrated to be favorable for the locomotion of small-scale
robots in low Reynolds numbers at small scales.[21] As shown
in Figure 4a, the integrated MOFBOTs (i.e., Fe@ZIF-8@GelMA)
consist of Fe@ZIF-8 crystals decorating the GelMA microstruc-
tures. The dark contrast observed under the optical microscope
clearly indicate the presence of the magnetic Fe@ZIF-8 crystals
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on the helical structures. Non-coated microstructures are trans-
parent, with a light contrast created only on their edges (Figure
S7, Supporting Information).

Magnetic manipulation of Fe@ZIF-8@GelMA was performed
under rotating magnetic fields of 8 mT and at different frequen-
cies. As shown in Figure 4b and in Video S1, Supporting Informa-
tion, at low frequencies (1–2 Hz), the Fe@ZIF-8@GelMA struc-
tures in contact with the substrate surface performed a rolling
motion due to friction. At higher frequencies (e.g., 12 Hz), a
corkscrew locomotion promoted the forward motion of the in-
tegrated MOFBOTs, see Figure 4c and Video S2, Supporting In-
formation. As the Fe@ZIF-8@GelMA structures were still par-
tially in contact with the substrate surface, a lateral drift was
still observed from the forward motion. Therefore, both rolling
and corkscrew forward locomotions can be implemented for the
transport of these integrated MOFBOTs.

In addition to the characterization of the motion perfor-
mance, we conducted drug delivery experiments with Fe@ZIF-
8@GelMA. The images in Figure 4d,e show cancer cells (MDA-
MB-231) incubated with the integrated MOFBOTs for 24 h. As
evident, cells incubated with Fe@ZIF-8@GelMA spread on the
surface without signs of toxicity, whereas in the proximity of
DOX@Fe@ZIF-8@GelMA most of the cells did not adhere to
the surface, but floated as dead cells (Figure S8, Supporting In-
formation). The degradation study of the integrated MOFBOTs in
the cell culture over a longer period of time was also conducted
(Figure 4f). In our experience, GelMA microrobots degrade faster
in certain cell lines than others, a phenomenon related to the
amount of proteases excreted by the cells. SH-SY5Y human neu-
roblastoma cells were chosen for MOFBOT degradation as we
had previously observed quick degradation of the gels in this cell
line. At day 0, we seeded the cells over the structures. The texture
observed on the GelMA structures was attributed to the Fe@ZIF-
8 crystals decorating their surface. After one week, we observed
that crystals had detached from the surface of the GelMA struc-
tures. We also observed some floating agglomerates of gelatin
degradation products, including Fe@ZIF-8 crystals. Further dis-
assembly and degradation of those structures occurred by the end
of the second week. The GelMA microstructures degraded in a
cell culture by cell-secreted proteases. The exact mechanism in-
volves proteolytic cleavage of the amide bonds of peptide domain
in the GelMA, due to the action of proteolytic enzymes, such as
collagenases and proteases excreted from various mammalian
cell lines. Those enzymes act on the surface of the GelMA mi-
crostructures, resulting in the release of Fe@ZIF-8 crystals that
decorate the surface, and eventually in the complete degradation
of the MOFBOT chassis. As illustrated in Figure 4f, the helical
integrated MOFBOTs appear to be degraded in the live cell cul-
ture on day 14. At the end of the degradation study, we performed
a LIVE/DEAD staining to verify the viability of the cells in the
culture. The fluorescent images presented in Figure 4g show an
abundance of live cells in the culture. It is also evident that GelMA
structures show fluorescence of a similar wavelength, there-
fore the non-degraded structures are green in the fluorescent
image.

In this study, we introduced the first fully degradable mag-
netically maneuverable MOFBOT for drug delivery applications.
The MOFBOT consists of a helical core made of biodegradable
GelMA and a surface coating of Fe@ZIF-8, an organomineral-

ized magnetic MOF composite. Fe@ZIF-8 preserves the advan-
tages of ZIF-8, including high surface area and acidic pH respon-
siveness, features that make this MOF a desirable system for
drug loading and spatiotemporal release. Additionally, the soft-
magnetic properties of Fe@ZIF-8 provides magnetic motion ca-
pabilities under the guidance of external magnetic fields. Accord-
ingly, the integrated MOFBOT can perform drug delivery tasks
in a cell culture environment, resulting in reduced viability of
the cells in the proximity of the integrated MOFBOTs carrying
DOX. Finally, the degradation of the integrated MOFBOT is also
shown. While the GelMA core follows an enzymatic degradation
process, the degradation of Fe@ZIF-8 involves pH-triggered dis-
solution of the framework and oxidation of the magnetic compo-
nents. The presented integrated MOFBOT brings together sev-
eral features required for biomedical magnetic microrobots. Its
magnetic properties stem from magnetic oxide components that
could degrade in physiological conditions, instead of rigid mag-
netic materials such as Ni and Co, which are either passivated and
bioaccumulated, and known to cause cytotoxicity, thus requiring
retrieval operations. The drug loading was achieved in the MOF
crystals, and the release occurred only in acidic pH after MOF
degradation, resulting in a local effect once the MOFBOT has
reached the target area. The core of the MOFBOT consists of a
biodegradable polymer combining the advantages of direct laser
writing and shape control, as well as biodegradation in cell cul-
tures. Overall, the combination of the degradable magnetic MOF
composites with the gelatin-based chassis results in an unprece-
dented highly integrated small-scale robot.

Experimental Section
Synthesis of MOF Composite and Fabrication of MOFBOTs: All chem-

icals were purchased from Sigma-Aldrich. ZIF-8 particles were prepared
via a water-based synthesis. Reactant solutions of 5 mL Zn(OAc)2·2H2O
(0.55 m) (383058, Sigma-Aldrich) in deionized (DI) water and 5 mL of 2-
methylimidazole (5.5 m) (M50850, Sigma-Aldrich) in DI water were mixed
and homogenized by vortexing for a few seconds. The reaction took place
under mild shaking for 24 h at room temperature. The ZIF-8 crystals were
collected after several washing steps using DI water. Fe@ZIF-8 particles
were prepared with the following protocol; 2.5 mL of FeSO4·7H2O (0.43
m) (215422, Sigma-Aldrich) were mixed with 2.5 mL of Zn(OAc)2·2H2O
(0.55 m). The mixture of the metal salts was then added to 5 mL of 2-
methylimidazole in DI water (5.5 m). All solutions were prepared with DI
water. DOX@Fe@ZIF-8 particles were fabricated following the same pro-
cedure, with the addition of DOX 50 µg mL−1 (PHR1789, Sigma-Aldrich)
in the reactant solution. The reaction took place under mild agitation for
24 h and at room temperature. The Fe@ZIF-8 and the DOX@Fe@ZIF-
8 crystals were collected after several washing steps using DI water.
The Nanoscribe system from photonic Professional GT was used for the
fabrication of the GelMA core of the MOFBOT. The GelMA precursor
solution with a water soluble photoinitiator sodium 3,3′-((((1E,1′E)-(2-
oxocyclopentane-1,3-diylidene) bis (methanylylidene))bis(4,1-phenylene))
bis(methylazanediyl)) dipropanoate (P2CK) were prepared as described
elsewhere.[20] A drop of the precursor solutions was dropped on to a glass
slide where the direct laser writing was performed. The Nanoscribe was
equipped with a femtolaser of 780 nm and 80 MHz, and the 63× objec-
tive was implemented in the experiment. In accordance with the authors’
previous research,[20] a laser power of 95 mW and a scanning speed of
10 mm s−1 were selected as optimal for this experiment. After exposure,
the GelMA cores were developed in water at 50 °C for 30 min. The mi-
crostructures obtained were washed and maintained in a 70% ethanol
solution. For the integrated MOFBOT, GelMA cores were decorated with
Fe@ZIF-8 crystals in a 20 mg mL−1 water dispersion.
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Compositional, Morphological, and Structural Characterization: SEM
images were recorded with SEM (Zeiss ULTRA 55 plus) operating at 5 kV.
A drop of water dispersion of the sample was cast on Si chips that had
previously been cleaned in acetone, isopropanol, and DI water. Once the
water had evaporated, the samples were sputtered with a thin layer of Au
and the imaging was performed. An OXFORD instruments EDX detector
was implemented for spot EDX and EDX mapping analysis. Transmission
electron microscopy (TEM), scanning transmission electron microscopy
(STEM) and EDX were performed with FEI Talos F200X (Chem S/TEM) op-
erating at 150 kV. The samples were prepared on carbon coated Cu TEM
grids (400 mesh) (1824, Ted Pella). The crystalline phase was confirmed
by XRD experiments (Bruker AXS D8 Advance). RBS measurements were
performed at 2 MeV He. RUMP simulations were performed to analyze the
obtained data. ERDA was performed at 13 MeV 127I. XAS measurements
across the Zn and Fe L2,3 edges were recorded at the BL29-BOREAS beam-
line of the ALBA Synchrotron (Barcelona, Spain) at room temperature.

Magnetism Characterization: Magnetization curves at room temper-
ature were recorded with a vibrating sample magnetometer (VSM EZ9,
Microsense). The field was scanned from −2 T up to 2 T and back. XMCD
at the Zn and Fe L2,3-edges with a magnetic field of 5 T were performed at
the BOREAS beamline, ALBA synchrotron, in Barcelona. Magnetic manip-
ulation of the integrated MOFBOT was performed with a setup consisting
of three pairs of orthogonally oriented Helmholtz coils.

BET Measurements: The surface area was analyzed based on gas ad-
sorption isotherms. N2 absorption–desorption curve measurements were
recorded at 77 K using an Autosorb-IQAG analyser (Quantachrome). Tem-
perature was controlled by using a liquid nitrogen bath. The samples were
previously activated at 373 K and 3 mbar over 12 h.

pH Responsive Drug Release: Buffer solutions of pH 6 were prepared
from 0.1 m citrate and 0.2 m sodium phosphate dibasic. Buffer solutions
of commercial PBS, pH 7.4, were purchased from Thermo Fisher Scientific
(Gibco 10010023). The samples were placed on the shaker for mild mixing
for various periods of time. DOX release was recorded with absorbance
measurements performed with an excitation wavelength of 488 nm, and
emission was recorded at 570 nm (Infinite 200 Pro, Tecan). At various time
periods, the samples were centrifuged at 4000 rpm for 3 min, and 100 µL
of supernatant were collected for the absorbance measurements.

Cell Culture Experiments: Human breast cancer cells (MDA-MB-231)
were cultivated in DMEM cell culture medium (31966021, Thermo Fisher
Scientific) (10% fetal bovine serum (FBS) (10270106, Thermo Fisher Sci-
entific), 1× Antibiotics-Antimycoticum (15240062, Thermo Fisher Scien-
tific) at physiological conditions (37 °C and 5% CO2). In vitro DOX deliv-
ery experiments were performed in 24-multi well plates. 15 000 cells were
seeded in each well 24 h prior to treatment. On the day of the treatment,
the zero-time point, Fe@ZIF-8 crystals and DOX@Fe@ZIF-8 were added
to the cell cultures at a concentration of 0.05 mg mL−1. The cell viability
percentage was calculated based on MTT viability assay 24 and 72 h af-
ter the treatment. For the MTT assay, 50 µL of MTT reagent, 3 mg mL−1

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (M5655,
Sigma-Aldrich) in PBS at pH 7.4, was added to each well. The cells were
incubated for 4 h, during this time cells with an active metabolism con-
verted the MTT reagent to a purple colored formazan crystal. The crystals
were dissolved in a 0.04 m HCl solution, resulting in a purple colored so-
lution. Finally, the absorbance was measured on a plate reader with a test
wavelength of 570 nm and a reference wavelength of 630 nm. For the par-
ticle degradation experiments, human embryonic kidney (HEK–293) cells
were cultivated in a DMEM cell culture medium (10% FBS, 1× Antibiotics-
Antimycoticum) at physiological conditions (37 °C and 5% CO2). Fe@ZIF-
8 crystals were introduced at a concentration of 0.05 mg mL−1. After one
day (24 h time point), the whole content of one flask was transported to ei-
ther a T-25 flask and incubated for one more day (48 h time point), or to a T-
75 flask and incubated for another two days (72 h time point), or to a T-150
flask and incubated for another three days (96 h time point). In all cases,
the cell cultures were confluent at the time period of interest. Therefore, as
indicated in the image for later time periods such as the 120 h time point,
an extra transfer was performed in a 1:4 ratio. The same steps as described
above were also performed with control cell cultures (without Fe@ZIF-8

crystals), and the magnetization curves were measured and subtracted,
as a background, from the cell cultures with Fe@ZIF-8 crystals. SH-SY5Y
cells were cultivated in a mixture of 45% DMEM cell culture medium, 45%
MEM cell culture medium, 10% FBS, 1× Antibiotics-Antimycoticum. The
cells were seeded onto Fe@ZIF-8@GelMA microrobots and the cell cul-
tures were maintained for 2 weeks.

Cell Imaging: Bright field and fluorescence images were obtained us-
ing an inverted optical microscope (Olympus IX-81). Confocal microscopy
images and stacks were recorded with confocal Microscope Zeiss LSM
780. LIVE/DEAD cell staining was performed according to the protocol
from Thermo Fisher Scientific, R37601. Nuclear staining was realized with
Hoechst 33342, using NucBlue Live ready Probes Reagent R37605 from
Thermo Fisher Scientific. Cell fixation and permeation was performed
in a 4% paraformaldehyde 0.01% Triton-X solution. Cytoskeleton stain-
ing was performed with phalloidin-tetramethylrhodamine B isothiocyanate
(P1951, Sigma-Aldrich).

Statistical Analysis: The particle size of ZIF-8 and Fe@ZIF-8 were cal-
culated based on LogNormal fits of the particle size distributions pre-
sented in Figure S1, Supporting Information. Sample size n1 = 250 and
n2 = 200 for ZIF-8 and Fe@ZIF-8, respectively. All biological experiments
were performed in triplicates. In the figures, the column heights corre-
spond to the average value and the error bars to the standard deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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