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Building HKUST-1 metal organic frameworks on a
board of Cu tubular micromotors with adaptive
propulsive capabilities

Enrique Solano Rodrı́guez,a Beatriz Jurado-Sánchez *ab and
Alberto Escarpa *ab

Herein we present one step simplified synthesis of tubular Cu micromotors based on Hong Kong

University of Science and Technology (HKUST-1) metal organic frameworks (MOFs). Tubular Cu/Pt, Cu/

Ni and Cu/Ni/Pt micromotors prepared via template electrodeposition are smartly used as nucleation

spots for the synthesis of HKUST-1 MOFs by incubating with the specific ligand, benzene-1,3,5-

tricarboxylic acid, without any harsh conditions. The inner engines impart the micromotors with adaptive

propulsion mechanisms for future applications: magnetic, catalytic, and hybrid magnetic and catalytic

modes, reaching speeds of up to 275 mm s�1. Furthermore, stability studies reveal a delayed degradation

of the HKUST-1 MOFs in the micromotors as compared with the free MOFs. The synthesis rationale and

delayed stability of the HKUST-1 MOFs in water has been exploited for compound encapsulation and

controlled release, as illustrated using fluorescein as the model molecule. This approach has unlocked a

new range of possibilities for future applications, offering a promising platform for the development of

functional micromotors with improved capabilities.

Introduction

Micromotors (MMs) are microdevices that can convert external
energy, such as chemical reactions, light, magnetic fields, or
ultrasound, into autonomous movement.1,2 MMs have become
useful tools for a wide range of applications in the bioanalytical,3

biomedical and environmental fields.4–6 The advances in this
field have brought more and more complex MMs, to satisfy new
challenges. On the other hand, metal–organic frameworks
(MOFs) are crystalline materials with a periodic network of
organic linkers bonded with metal ion nodes to create one-,
two, or three-dimensional structures. MOFs have become versa-
tile materials due to their huge number of functional sites and
extensive surface area.7–9

The coupling between MOFs and MMs has been pursued in
recent times due to the value that these kinds of materials can
add to these devices.10,11 Resolving the main problems to achieve
success in this task relies on the synthesis and the approach. A
first set of strategies explores the functionalization of the MOFs
itself with catalytic/magnetic metals engines or enzymes. To this

end, zeolitic imidazole12–14 or University of Oslo (UiO)15 MOFs
were explored. A second convenient strategy for the design of
MOF-based micromotors consists of the synthesis of the struc-
ture of the MM in the first step. After this process, a post-
synthesis MOF surface modification takes place, where the
organic linkers and metal nodes of the MOFs and the MMs react
under harsh conditions of temperature and/or pH to get an
integrated structure.16–18 Typically, as many steps of synthesis
take place, much product is going to be lost. This effect is much
more pronounced in the case of MM, due to the small total
weight of the product as well as their small size. Furthermore, the
yield of surface modification of previously synthesized MMs with
MOFs, and the strength of the bond between both structures may
not be enough to carry out the pursued tasks.

Inspired by previous MMs works and to solve the above-
mentioned challenges, herein we present a new, easy, versatile,
and environmentally friendly, simplified, one step synthetic route
to synthesize HKUST-1 based MMs using template-prepared Cu/
Ni/Pt tubes as precursors for growth of MOFs on boards.
Furthermore, we have explored different propulsion mechanisms
to achieve a battery of MOF based micromotors depending on the
final application: magnetic, catalytic, and both magnetic and
catalytic modes. The underlying mechanism behind the synthetic
approach adopted here relies on the HKUST-1 MOF structure,
which is composed of two Cu ions as metal cores linked with four
1,3,5-benzenetricarboxylate (H3BTC) ligands.19 The synthesis of
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such MOFs has been achieved via direct contact of the Cu
precursors with H3BTC acid at room temperature.20 Such a
straightforward route inspired the exploration of new approaches
using Cu mesh or nanowires for the preferential growth of
HKUST-1 using hydrothermal routes.21–23 As such, it is possible
to select a Cu layer which will react with the organic linker,
generating a specific MOF, without any alteration of the other
metallic layers thanks to their electrical potential reduction. In
this context, we employed a copper metallic microtube as a
template to directly grow the HKUST-1 MOF in a single step,
achieving a strong MOF–MM coupling that significantly delays
material degradation. This elegant MOF-based micromotor
synthesis is versatile, accommodating various propulsion strate-
gies—including catalytic, magnetic, and hybrid modes—and
exhibits promising capabilities for the encapsulation and subse-
quent release of target compounds, as demonstrated in the
following sections.

Results and discussion

Fig. 1A illustrates the synthesis of Cu@HKUST MMs. MMs have
three layers: outer/external, intermediate and internal. The first
electrodeposited layer is copper. This layer is the outermost
layer and is in direct contact with the medium. In this case, this
layer serves as the platform for the synthesis and anchoring of
the MOFs. Copper is an ideal metal because it easily reacts with

the ligands. This layer provides the Cu metallic ions necessary
for building the MOFs. When the external layer is in contact
with an organic ligand, oxidation occurs due to the ligand’s
acidic nature. The resulting oxidized layer provides an ideal
environment for the growth of MOFs on its surface. The inner
layer enables movement in the device. It can be composed of a
single layer of nickel for magnetic propulsion or platinum for
catalytic propulsion. If both magnetic and catalytic propulsion
are desired, it is important to maintain platinum as the inner
layer to ensure internal direct contact with the hydrogen
peroxide from the medium, keeping the nickel layer between
the copper and the platinum ones.

As a first step, the tubular Cu MMs with different inner
engines (Pt, Ni or Pt/Ni) were prepared via template electro-
deposition as described in the SI, obtaining 207.000 � 4.000
MMs per membrane (n = 5). As a second step, the MMs were
dispersed in 2 mL of H3BTC alcoholic solution for 18 hours at
room temperature, without any harsh or additional conditions.
To discuss the uniformity of the resulting MOF MMs, we
weighed the MMs before and after the reaction with the organic
ligand. In this process, the original weight of MMs increased by
B200%, confirming the appearance of a product, and further-
more, the high relation between these modified MMs and the
original MMs (3 : 1). This result, in addition to the SEM images
of Fig. 1C and D, can be considered as proof of the homogeneity
of the covering by MOF of the original MMs. Under the electro-
deposition conditions used, �0.85 V, the only Cu species pre-
sent in the tubes is Cu0, without the presence of copper oxides
or hydroxides that can contribute to MOF generation.24 To
confirm this statement, X-ray diffraction (XRD) observation of
the Cu tubes was conducted. As can be seen in Fig. S1, the
pattern indicates the main presence of Cu0.25 Some traces of
Cu2O are also observed, but we attributed this to the tube
oxidation via the effect of exposition to air, as the sample needs
to be dried to perform measurements. As such, HKUST-1
synthesis can be explained by the generation of porous supra-
molecular structures by H3BTC on the Cu surface of the MMs.
This results in the generation of a paddlewheel, HKUST-1,
which consists of deprotonated H3BTC, resulting in the oxida-
tion of Cu0 to Cu2+. Such nucleation points initiate the genera-
tion of the MOFs over the MM surface. See Fig. S2 for a detailed
synthesis scheme and mechanism. Please note here that the
reaction is performed under room temperature conditions,
where oxygen can contribute as an ionization agent for Cu
and deprotonation agent for the ligand.26,27

The choice of trimesic acid as the ligand is not trivial. While
zeolitic imidazole (ZIF-8) and University of Oslo (UiO-66) MOFs
have been extensively studied and synthetized by simplified
routes, they have certain limitations compared with our specific
synthesis approach, which relies on controlled nucleation at
the surface of the micromotor external metal layer. In this
context, the role of the HKUST-1 organic ligand (trimesic acid)
is crucial. Its acidic nature activates the metal surface, enabling
the growth of the MOFs. ZIF-8 was initially considered for this
purpose; however, its ligands were not suitable for initiating
metal surface activation, which prevented the formation of a

Fig. 1 (A) Schematic of the synthesis of the Cu@HKUST-1/Ni/Pt MMs’
adaptive propulsion capabilities using Cu tubular micromotors as precur-
sors of the MOFs. (B) SEM images and elemental mapping of CuNiPt MM
and (C) the same MM after the reaction with the organic ligand. (D) SEM
image of a MM and zoom on the surface showing the built-in HKUST-1
MOFs. (E) XRD spectra of as-synthetized Cu@HKUST/Ni/Pt MMs and the
simulated pattern of HKUST-1. Scale bars, 1 mm.
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strong MOF–metal interface. To strengthen and investigate this
strategy involving acidic ligands, we used other acidic ligands
that could effectively attack the metal surface. We successfully
synthesized MOFs–metal–metal systems using fumaric acid, a
linear dicarboxylic acid, as demonstrated in the SI (see Fig. S3).
On the other hand, both terephthalic acid, the linker in UiO-66,
and trimesic acid, used in HKUST-1, belong to the benzoic acid
family. Terephthalic acid has two carboxylic groups in the 1,4
positions, and trimesic acid has three in the 1,3,5 positions.
However, terephthalic acid is only slightly soluble in ethanol,
unlike trimesic acid, which is significantly more soluble. For
this reason, we selected trimesic acid, which enables a more
straightforward and reproducible synthesis.

The morphology and element composition of the Cu/Ni/Pt
(Fig. 1B) and Cu@HKUST/Ni/Pt MMs (Fig. 1C) was studied by
SEM and EDX mapping. The MMs showed a cylindrical shape,
with a plane surface and a space in the center. EDX mapping
revealed a concentric structure composed of an outer layer of
copper, and after it, different metals, Ni, Pt, or both Ni-Pt.
Regarding MOF-MM, morphological changes are evident, octa-
hedral structures appear all along the surface which are mainly
composed of carbon and oxygen. As can be seen, the entire
surface of the MMs has been covered with plenty of octahedral
structures, growing from the copper layer itself (see also the
inset for an amplified view and the typical morphology of the
HKUST-1 MOF) (see Fig. 1D). The XRD spectra of Fig. 1E further
reveals the typical pattern diffraction of as-synthetized Cu@H-
KUST/Ni/Pt fitting with the simulated one. Please note that the
experimental XRD pattern shows a slight displacement of the
angle where the diffraction peaks appear, probably due to
the presence of solvent in the structure, modifying the size of
the unit cell and consequently, causing a slight displacement
of the diffraction angle. At the same time, MMs were observed
under SEM microscopy, to check if their surfaces had been
covered with the MOF (Fig. 1D). Table S1 shows relevant
information explaining different ways of synthesis of MOF-
based micromotors using the post MOF-integration-in-
micromotor synthesis approach. As can be seen, all the exam-
ples involve more steps than those proposed in this work.
Furthermore, they mostly use high temperatures, hydrothermal
methods or both. In addition, the time needed to achieve the
final chemical coupling MM-MOF is in all cases higher than
that in our proposed method. So, in conclusion, we have
successfully tried to simplify the synthesis of these microde-
vices, creating a very versatile method, cheap, quick and
environmentally friendly, getting very good results with the
additional advantage of the strong bond between MOF and
MM, essential to guaranteeing good development of the task in
root-like behavior magnetic motion for controlled release appli-
cations, as will be demonstrated in the following discussion.

After the successful synthesis of the Cu@HKUST-1/Ni/Pt MMs,
we tested the propulsion abilities for future applications, using
tap water instead of deionized water as realistic media to test
potential effects on MMs stability and the role in the propulsion.
As can be seen in the schematic pictures of Fig. 2A, pioneering
evaluation of catalytic, magnetic, and both catalytic and magnetic

modes was made in comparison with the other approaches listed
in Table S1. Details of video recording are listed in the SI.
Magnetic propulsion was achieved with a tailored magnetic
device integrating four electromagnets, as described in the
experimental section of the SI. For the catalytic propulsion mode,
speeds are very similar between Pt and Ni–Pt based MMs around
200–250 mm s�1. In fact, a slightly higher speed in the magneto-
catalytic propulsion mode, due to the synergic effect of magnetic
and catalytic propulsion, which also proves that an additional
metallic layer and its weight do not have a remarkable effect on
the propulsion.28,29 For magnetic propulsion (see Fig. 2B, right),
different speeds can be measured: rotational and translational.
The first one depends on the rotation of the electromagnetic
system, being able to convert the angular speed to linear speed
thanks to the relation v = w�r, where ‘‘w’’ expresses the angular
speed (rad s�1) and ‘‘r’’ expresses the radium (mm). MOF-Ni
and MOF-Ni-Pt MM show very similar speed values, around
225–275 mm s�1. The second one, much lower than the previous
one, around 25 mm s�1, shows the speed of the MMs because of
the combined effect of rotation and translational dragging
towards one specific electromagnet in a straight line. In both
cases, these speeds are very similar between Ni and Ni–Pt based
MMs, so again the additional weight of a third layer seems not to
have any remarkable consequence. Interestingly, all in all, these
data reflect the successful MM modification with the HKUST-1
MOFs, maintaining further functionality in terms of propulsion
for future applications.

Next, we carried out a physical–chemical study of the
HKUST-1 and Cu@HKUST/Ni/Pt MM stability. Indeed, it is

Fig. 2 (A) Schematic of the propulsion modes of the Cu@HKUST-1/Ni/Pt
MMs. (B) Time-lapse images (Taken from Videos S1 and S2) and corres-
ponding speeds of the Cu@HKUST-1/Ni/Pt MMs according to the propul-
sion mechanism ((a) and (b) for catalytic propulsion and (c–f) to magnetic
propulsion: (c) and (e) under 3.5 V spin magnet, only rotational) and (d) and
(f) under both spin magnet and 1 V electromagnetic magnet, rotational and
translational. Scale bars, 1 mm. Conditions: 2.5% H2O2, 5% of Tween 20 as
the surfactant.
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well-known that this MOFs is specially affected by water. The
strong interaction between water molecules and the paddle-
wheel Cu(II) sites results in the irreversible degradation of the
MOF.30–32 As MM applications are realized in aqueous media
(even biological), it is important to study the effect of water on
the stability of the Cu@HKUST-1/Ni/Pt MMs. To this end,
initially, single copper layer micromotors were synthesized
and left to react entirely with the organic ligand for a few days,
assuring that all the MM surface is covered with the HKUST-1
MOFs, completely covering the supporting metallic copper struc-
ture. First, the HKUST-1 MOF resistance to water was tested. A
certain amount of this pure HKUST-1 MOFs was put into a 20 mL
vial with deionized water, showing a dark blue sand-like aspect
(Fig. 3A(a)). After 3 hours, the deep-blue dispersion turned into a
light-blue one, changing even the appearance of the HKUST-1,
from small dots to a thread-like shape. After 24 hours, the
HKUST-1 MOF was totally converted into a light-blue mass
(Fig. 3A(b)). To understand the internal effect of the water
degradation on the structure, XRD, SEM, FTIR and BET analyses
were carried out. The XRD pattern (Fig. 3a) reveals different peaks
between MOF 0 h (1) and MOF 24 h (2) in water, indicating a
change in the crystalline structure, which can even be noticed in
the SEM images of HKUST-1 before (octahedral shapes) and after
(tape-like shapes) the contact with water. FTIR analysis was
carried out in both samples, at 0 hours and 24 hours in water
(Fig. 3B). The FTIR spectra shows different signals between as-
synthetized HKUST-1 and HKUST-1 after 24 hours in water, due
to substitution of the ligand by water molecules, as is reported in
the bibliography. In the pristine HKUST-1, 750–770 cm�1 signals
are attributed to Cu–O bonds. 1370 cm�1 is the C–O bond of the
trimesic acid, and 1448 and 1550 cm�1 signals are due to the
CQO bond of the ligand. The 1649 cm�1 signal is attributed to
CQC from the aromatic ring. On the other hand, HKUST-1
exposed to water shows a difference in the region of the CQO,

with two new signals appearing at 1480–1510 cm�1, a new one
appearing in the C–O region at 1092 cm�1 and the 1045 and
1115 cm�1 signals almost disappearing. These changes can be
explained as being due to the rupture of the COO–Cu bond,
leaving a free COO–, which modifies the vibration frequency. This
substitution is the cause for the change in the pore size, opening
the space because of the destruction of the original bond between
the ligand and the metallic atom. A detailed FITR analysis at
different times can be found in Fig. S3. As can be seen, the
spectrum changes after three hours due to the destruction of the
network by water. The 1030–1100 cm�1 signals, which are
associated with the carboxylate group linked to the copper,
change to give a new signal at 1090 cm�1, indicating a change
in the surrounding of this group due to the rupture of the
copper–carboxyl bond. The same conclusion can be drawn from
the main single signal at 1370 cm�1 which is associated with the
C–O bond of the carboxylic group. This signal splits into two
smaller signals at 1380–1360 cm�1. This change can be explained
as being due to the transition from coordinated to non-
coordinated carboxylates to copper. The aromatic region, 1600–
1400 cm�1, shows a change probably due to the partial protona-
tion and solubilization of the organic ligand, beginning at three
hours. BET analysis shows this change as a decrease of the pore
size, from 60 to 31 Å and, in consequence, the decrease of the
surface area from 2097 m2 to 26 m2. Fig. 3c displays the
differences between the as-synthetized HKUST-1 MOFs and the
degraded one.

In turn, the stability of HKUST-1 MOFs MM was also
studied. For this purpose, XRD diffractions were taken at
different times in contact with water, 0 h, 20 minutes, 1 h,
3 h, 8 h, 12 h, and 24 h. As can be seen in the SEM images and
XRD spectra of Fig. 4, the free HKUST-1 MOF maintains its
crystalline structure forup to 1 hour,19,33 the time when differ-
ent new peaks begin to appear. After this time, the HKUST-1
MOF gradually changes until a totally different XRD diffraction
pattern at 24 hours of water contact is seen (Fig. 4B(a)). On the
other hand, Fig. 4B(b) displays the diffraction pattern of
Cu@HKUST-1/Ni/Pt MMs (please note that due to the small
amount in weight of MMs it is very hard to get a very resolved
diffraction pattern). Yet, the main peaks are maintained
between pure HKUST-1 MOFs and Cu@HKUST-1/Ni/Pt MMs,
but the latter presents a much higher signal-to-noise ratio and
other different peaks from the pure copper layer. Very interest-
ingly, HKUST-1 peaks appear even after 24 hours of water
contact. This fact can be explained by the specific degradation
mechanism of HKUST-1 MOFs. Water triggers a break between
the copper atom and the organic ligand.30 This hydrolysis
brings consequently an increase of H3BTC in the vicinity of
the MMs, but, in contrast with the free MOF situation, now the
HKUST-1 destruction leaves a raw copper layer ready to react
again with a certain amount of this free ligand. This process
can delay the total disappearance of the HKUST-1 MOFs and
justify why their peaks are present for up to 24 hours in contact
with water. But this does not imply a very high-water stability of
MOF-MM as can be seen in SEM images of Fig. 4. A MM at 0 h
in water is covered with plenty of MOFs. After 24 hours, it is still

Fig. 3 Stability of HKUST-1 (A) XRD, optical images and SEM images of as-
synthetized HKUST-1 (1) and HKUST-1 after 24 hours in water (2). Scale
bars: 1 mm. (B) FITR of as-synthetized HKUST-1 and a schematic structure
of the material before the ligand substitution by water (1), and HKUST-1
after 24 hours in water and a schematic structure of the material after the
water attack (2). (C) Surface area and pore size of as-synthetized HKUST-1
and HKUST-1 after 24 hours in water.
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possible to distinguish some octahedral structures, but tape-
like figures indicating the degraded MOFs are everywhere. The
MOF is gradually destroyed, and after 24 hours, octahedral
structures can be barely observed. Probably, the HKUST-1
structure is much more detected in the diffraction patterns
than in the destroyed MOF because the latter has lower crystal-
linity in comparison with the first one. So, in conclusion, the
HKUST-1 degradation process in water on boards of MMs is
delayed.

The HKUST-1 degradation, instead of being a problem, can
be converted into an advantage, releasing to the medium
different compounds of interest previously loaded. To test this
possible application, a model fluorescent molecule, fluorescein
was chosen. To load it, a 0.025 M solution of this fluorophore
was added to an alcoholic solution of H3BTC. Cu/Ni MMs were
then added to this solution and allowed to react for 24 hours.
The resulting product was collected using a magnet and
cleaned with absolute ethanol several times. After this process,
the fluorescein loaded Cu@HKUST-1/Ni MMs were tested by
putting them in contact with water and guided using an
electromagnetic system. As can be seen in Fig. 5 A, no apparent
fluorescence is observed in control experiments with Cu/Ni
MMs (parts 1 and 2), unloaded Cu@HKUST-1/Ni MMs (parts
3 and 4), as compared with the bright fluorescence in the
surface of the loaded Cu@HKUST-1/Ni MMs (parts 5 and 6).
After 24 hours in water, only a minimum fraction of this
fluorescence can be perceived in the fluorescein-loaded Cu@H-
KUST-1/Ni MMs surface, the rest of it being transferred to the
water solution (see parts 7 and 8). This is also reflected in the
time lapse-images of Fig. 5 and corresponding Video S3, which
shows the real-time release of the fluorescein cargo, with a
clearly distinguished trail coming out of the MMs.

The fluorescein release process was monitored to know the
releasing profile. To this end, supernatant fluorescence was
measured for 24 hours. As it can be seen in Fig. 5 C, the release
follows an asymptotic tendency, delivering in the first term all
the external cargo of the outer part of the MOF, and with the
beginning of its degradation, the inner cargo its gradually
released to the medium until its stabilization at 12 hours.
As a result of this process, it can be said that the cargo has
been successfully released, due to the degradation and self-
destruction in contact with water of the HKUST-1 on the MM
surface.

Fig. 4 Stability of Cu@HKUST MMs (A) SEM images of Cu@HKUST-1/Ni/Pt
MMs at 0 h (a) and 24 h in water (b). (B) X-ray diffraction patterns of free
HKUST-1 (a) and HKUST-1 in direct contact with the surface of the MMs (b)
at different times. Scale bars 5 mm.

Fig. 5 (A) Micrographs of Cu@HKUST-1/Ni MMs in different steps of the
synthesis with bright-field image (upper) and fluorescence image (lower):
as-synthetized Cu/Ni MMs (1 and 2), unloaded Cu@HKUST-1/Ni MMs (3
and 4), fluorescein loaded Cu@HKUST-1 (5 and 6) and fluorescein loaded
Cu@HKUST-1/Ni MMs after 24 hours in water (7 and 8). (B) Time-lapse
images (over 5 s period, taken from Video S3) showing the release of the
fluorescein cargo in water. Scale bars: 20 mm. Conditions: Applied voltage,
1 V, GA-2A filter, lex 510–560 nm. (C) Release profile of fluorescein in
water for 24 hours. Conditions: lex 475 nm and lem 520–625 nm. Error
bars represent the mean values � standard deviation (n = 3).
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In this regard, and with the aim of further investigating the
release process, we performed control experiments by incubat-
ing Cu/Ni MMs and Cu@HKUST-1/Ni MMs with fluorescein
and Cu/Ni MMs incubated with the ligand and fluorescein. As a
blank, we used Cu@HKUST-1/Ni without any contact with
fluorescein. Fig. S5, A shows that Cu@HKUST-1/Ni MMs exhibit
no intrinsic fluorescence. For comparison, Cu/Ni MMs incu-
bated with fluorescein display slight fluorescence, likely due to
nonspecific adsorption of molecules in the inner part of the MM
tube, where solvents in the cleaning phase have limited access.
When the Cu@HKUST-1/Ni are first coated with HKUST-1 and
subsequently incubated with fluorescein, noticeable adsorption
of the cargo occurs on the MOF surface. However, adding
fluorescein together with the organic ligand during HKUST-1-
MM formation allows for the simultaneous growth and encap-
sulation processes to fully utilize the MOF’s porous structure.
This increases the cargo release by four times compared to the
previous method. The potential use of the Cu@HKUST-1/Ni as a
drug-delivery system in biological environments is supported by
their cytotoxicity. An MTT assay with HeLa cells was carried out
at different concentrations of MOF Ni-MMs, being able to hold
10.000 MM per mL without remarkable cytotoxicity (Fig. S5B).

Conclusions

We have developed a new family of MMs, based on HKUST-1
MOFs, with adaptive propulsion modes: magnetic, catalytic,
and both magnetic and catalytic; with simplified synthesis and
delayed degradation. This pioneering coupling MM-MOF can be
easily synthesized at room temperature, resulting in total coverage
of HKUST-1 MMs in just 18 hours. Furthermore, we have tested the
behavior of these MMs in water, showing a slowed-down degrada-
tion in comparison with the free MOFs, allowing applications
related to the controlled cargo delivery, as has been demonstrated
with the release of a fluorescence model molecule. These findings,
related to the synthetic rationale and delayed stability, open new
avenues in MM chemistry, highlighting their potential for future
applications in the bioanalytical, biomedical, and environmental
fields. Moreover, it allows further expansion of the applications of
MOFs, since the MOFs-MM coupling is not yet widely explored.
Advances are also expected in applications of MOFs where MMs
play a key role due to their inherent propulsion and are essential in
biomedicine such as drug-delivery in tissues and organ-on-chip
systems. While we have successfully demonstrated significant
advancements in HKUST-1 MOF-based micromotors, there are
some potential shortcomings or areas that might require further
investigation, which are common challenges in this field: long-
term stability in complex environments over extended periods for
practical applications; biocompatibility and potential toxicity of the
micromotor components (Cu, Pt, Ni, and the MOF itself, especially
its degradation products); scalability of synthesis for mass produc-
tion, which is also limited by the cost of some materials; sophis-
ticated control and targeted specificity over degradation/release.
Surely, the transition from proof-of-concept to real-world applica-
tions involves overcoming such challenges.

Experimental section
Reagents and materials

Copper sulfate (cat. 209198), trimesic acid (H3BTC) (cat.
482749), nickel(II) chloride (cat. N6136), chloroplatinic acid
(cat. 520896) and Tween 20 (cat. P9416) were purchased from
Sigma-Aldrich. Boric acid (cat. 180570010) was supplied by
Thermofisher. Absolute ethanol (cat. ET0005005P), isopropanol
(cat. AL03102500) and dichloromethane (cat. CL3352500) were
supplied by Scharlau (Spain). Membranes of 5 mm in diameter
were purchased from Whatman (cat. 7060-2513).

Equipment

An Autolab potentiostat model PGSTAT101 was used for Cu
micromotor electrodeposition. Membranes were coated with a
B50 nm gold layer by sputter coating. Scanning electronic
microscopy (SEM) images were taken using a JEOL JSM-IT500
and JEOL JSM 6335-F coupled to an energy ray-dispersive
detector. A Nikon Eclipse Ti-2 inverted optical microscope
coupled to a PCO Panda camera was used to take images and
to record videos. XRD diffraction patterns were obtained with a
Bruker D8 Advance A25 diffractometer from the X-ray unit at
the Complutense University of Madrid. BET analysis was car-
ried out using the porous solid analysis unit of the University of
Malaga (UMA). FTIR spectrums were obtained with an Agilent
Cary 630, collecting 16 scans with a resolution of 4 cm�1.
Finally, for the fluorescence intensity, one batch of MOF-MM
grown in the presence of fluorescein was added to a 5 ml of
deionized water. 150 mL were taken three times and measured
in a lector reader model Biotek citation 5, with lex 475 nm and
lem 520–625 nm.

Template electrosynthesis and metal–organic framework
growth on the micromotors

For the electrodeposition, the gold-supper membrane was
assembled in a tailored electrochemical cell using an Ag/AgCl
reference electrode and a Pt wire as the counter electrode. The
outer Cu layer was synthetized from a plating solution containing
0.15 M of CuSO4�5H2O in 0.015 M H2SO4 by applying a �0.85 V
voltage for 200 seconds. For the synthesis of Cu–Pt micromotors,
the Pt layer was electrodeposited from a 4 mM H2PtCl6�(H2O)6

solution in 0.5 M boric acid, which was subjected to an ampero-
metric process (�0.4 V for 750 s). For the synthesis of Cu–Ni
micromotors, a 0.5 M NiCl2 solution in 0.1 M HCl was subjected
to �1 V for 120 seconds. Finally, for Cu–Ni–Pt micromotors
synthesis, the same process was carried out, only decreasing Ni
electrodeposition time from 120 to 80 seconds. After the electro-
deposition process, the gold layer of the membrane was removed
and rubbed with alumina powder and water. To release the
micromotors, the polished polycarbonate membrane was
immersed into 2 mL of dichloromethane and shaken for one
hour. Micromotors were collected via centrifugation, taking out
the supernatant. This process was repeated with isopropanol and
finally with absolute ethanol. Once the micromotors were totally
released from the membrane and cleaned, 2 mL of H3BTC
alcoholic solution was added and allowed to react for 18 hours
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at room temperature. After this time, a blue color appears in the
H3BTC solution. Micromotors were next isolated via centrifuga-
tion (3 minutes, 3000 rpm) and cleaned with absolute ethanol.
This process was repeated three times.

Micromotor propulsion

For catalytic and magneto-catalytic propulsion, videos were
recorded by placing 1 mL of micromotor solution, 1 mL of
hydrogen peroxide (final concentration, 2.5%), 1 mL of Tween
20 (final concentration, 5%) and 1 mL of tap water in a glass
slide placed on top of the optical microscope. Videos were
taken using the 20� objective at 40 frames per second. The
speed was analyzed using NIS-tracking software. For magnetic
propulsion, a custom-design electromagnetic system was used.
The magnetic module consisted of a 3D printed platform
tailored to fit the plate of the microscope stage, with four tilted
cylindrical holders accommodating, a holder for permanent
magnets setup, and an opening to accommodate the micro-
scope slide. Four magnets (0.05–10.5 V) and Heschen electro-
magnet solenoids (P30/22, 30 mm, 12 V or P50/27, 50 mm, 24 V)
were used. Arduino IDE 1.9 was used to develop a program to
control the Arduino Nano board. An Arduino Nano board was
used to switch the relays on demand and the serial port of the
microcontroller was used as a user interface to input the
commands corresponding to the desired magnetic gradient
direction. To perform the experiments, the rotating field was
fixed at a constant speed by fixing the applied voltage to 1 V.
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S. Pané and J. Puigmartı́-Luis, Metal–organic frameworks in
motion, Chem. Rev., 2020, 120, 11175–11193.

11 J. Bujalance-Fernández, B. Jurado-Sánchez and A. Escarpa,
The rise of metal–organic framework based micromotors,
Chem. Commun., 2023, 59, 10464–10475.

12 A. Ayala, C. Carbonell, I. Imaz and D. Maspoch, Introducing
asymmetric functionality into MOFs via the generation of

Materials Chemistry Frontiers Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/1

0/
20

26
 2

:5
7:

06
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d5qm00461f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00461f


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 3516–3523 |  3523

metallic Janus MOF particles, Chem. Commun., 2016, 52,
5096–5099.

13 T. T. Y. Tan, J. T. M. Cham, M. R. Reithofer, T. S. Andy Hor
and J. M. Chin, Motorized Janus metal organic framework
crystals, Chem. Commun., 2014, 50, 15175–15178.
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