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Magnetothermal Miniature Reactors Based on Fe3O4
Nanocube-Coated Liquid Marbles

Hualin Li, Peng Liu, Renardi Gunawan, Zemenu Mengistie Simeneh, Chen Liang, Xi Yao,
and Mengsu Yang*

Liquid marbles have recently attracted much interest in various scientific fields
because of their isolated environment and robustness. However, conventional
liquid marbles lack a reliable heating mechanism, which is critical in many
potential applications. Here, the development of iron oxide (Fe3O4)
nanocube-coated liquid marbles (iNLMs), which can be homogeneously
heated with an alternating magnetic field (AMF) to as high as 86 °C, is
reported. Through tuning the power of the AMF, the iNLMs canbe heated to
desired temperatures in controllable patterns. Furthermore, multicenter and
selective heating is realized based on the unique magnetothermal properties
of iNLMs. As heatable miniature reactors, the iNLMs are further
demonstrated to facilitate the kinetic study of temperature-dependent
chemical reactions. DNA amplification is successfully performed in liquid
marbles, achieving a 25% superior amplification rate compared with that in a
common thermal cycler. These results confirm the feasibility of coating liquid
marbles with Fe3O4 nanocubes to form delicate magnetothermal miniature
reactors, which provides a reliable method of applying liquid marbles in areas
such as biosensor technology, point-of-care testing, and theranostics.

In recent years, liquid marbles as miniature reactors have been a
fast-developing concept[1] owing to their ability to contain liquid
in microliter quantities, simplicity in fabrication and manipula-
tion, and excellent mechanical robustness. Based on these prop-
erties, liquid marbles have been applied in chemical reactions,[2]

surface-enhanced Raman spectroscopy (SERS)/electrochemical
platform,[3] 3D cell culture,[4] and drug sensitivity tests for
chemotherapy[5] and phototherapy.[6] However, because of the
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lack of a proper heating mechanism, cur-
rent applications of liquid marbles are re-
stricted to reactions with low activation en-
ergy requirements or at room temperature.
Previously a heating mechanism for liq-
uid marbles was reported based on laser
irradiation.[7] This heating mechanism has
several limitations: direct contact was re-
quired between liquid marbles and laser
beams; only the laser-activated part of liq-
uid marbles were heated; the position of
the liquid marbles was strictly restricted due
to fixed position of the laser generator; and
only one liquid marble could be heated un-
der one laser generator. These limitations
inhibit the large-scale application of liquid
marbles in industry and biomedical sci-
ences.

A series of magnetically-actuated liq-
uid marbles have been fabricated for sam-
ple storage, controlled manipulation, and
“online” detection.[2,8] However, all previ-
ous magnetic-field-responsive liquid mar-
bles have been applied under stationary

magnetic fields, and the functions of magnetic particles on liquid
marbles are limited to force mediator and coating phase. Mag-
netic hyperthermia, which is noninvasive, remotely operatable,
and highly selective, is developing rapidly for magnetothermal
cancer therapy and controlled drug release.[2,8] Crucially, mag-
netic hyperthermia requires incorporation of an alternating mag-
netic field (AMF) rather than a stationary magnetic field. There-
fore, the development of magnetic liquid marbles as heatable
miniature bioreactors with AMF is promising but challenging.
Iron oxide (Fe3O4) nanoparticles are thus far the most widely ac-
cepted nanostructures as biocompatible heat mediators in mag-
netic hyperthermia, signified by their abundance in both preclin-
ical and clinical research.[9] They have relatively high saturation
magnetization and low residual magnetization, and are easy to
be surface-functionalized for different purposes.

Herein, we report the fabrication of Fe3O4 nanocube-coated
liquid marbles (iNLMs) and their application as AMF-triggered
heatable miniature reactors for reaction kinetics study and DNA
amplification. We characterized the magnetic actuation and me-
chanical properties of iNLMs as controllable and robust minia-
ture reactors. Furthermore, we evaluated the remote, multicen-
ter, or repeated heating of iNLMs with peak bulk temperature
from 27 °C to 86 °C by controlling the AMF power (5–30 mT
with fixed frequency of 350 kHz). The application of iNLMs for
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Figure 1. A) Preparation of Fe3O4 nanocubes-coated liquid marbles (iNLMs). B) Schematic representation of the AMF setup and temperature detection.
C) TEM/digital images of 40 µL liquid marbles coated by different types of Fe3O4 nanoparticles. D) Bulk temperature–time profiles of four different liquid
marbles under 20 mT and 350 kHz in (C). E) Digital images of liquid marbles coated by other materials. F) Bulk temperature–time profiles of liquid
marbles coated by different materials. G) Zoom-in of a selected part in (F) to show the slight temperature change of liquid marbles coated by materials
other than Fe3O4 nanocubes. H) Setup of multicentric heating in the AMF. I) Thermograms indicate the temperature of iNLMs and water droplets in a
plateau state. J) Bulk temperature–time profiles of iNLMs and water droplets during the heating and cooling process.

reaction kinetics modulation was subsequently realized by per-
forming temperature-dependent degradation of methylene blue.
DNA amplification was carried out in liquid marbles with homo-
geneous heating induced by exposure to an AMF.

In this study, iNLMs were fabricated by rolling microliter water
droplets on a bed of hydrophobic Fe3O4 nanocubes (Figure 1A).
Fe3O4 nanocubes are highly hydrophobic, and their well-defined
edges/tips can generate unprecedented localized magnetic
heating.[10] They were synthesized by well-developed thermal
decomposition methods using oleic acid as the surfactant.[11]

According to a previously reported procedure,[11] different
heating rates were chosen to synthesize Fe3O4 nanocubes of

different sizes with a highly crystalline phase and hydrophobic-
ity. The magnetic thermal behavior of iNLMs was investigated
upon AMF exposure, and its spatial temperature profiles were
recorded using an infrared (IR) camera (Figure 1B). Three dif-
ferent sizes (27.3 ± 2.8, 18.4 ± 2.5, and 10.8 ± 1.9 nm) of Fe3O4
nanocubes and 18.1 ± 3.5 nm of Fe3O4 nanosphere were syn-
thesized and charaterized by transmission electron microscopy
images (Figure 1C,D). Bulk temperature curves revealed that
the 18.4 nm iNLMs exhibited the highest magnetothermal
temperature and efficiency during the same heating process
among the four sizes and shapes. To further determine the
magnetic properties of these four types of Fe3O4 nanoparticles,
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magnetic measurements were conducted for each sample. The
results revealed that the Fe3O4 nanocubes exhibited typical
superparamagnetic behaviors (Figure S1A, Supporting Infor-
mation), and the 18.4 nm Fe3O4 nanocubes achieved higher
saturation during a shorter field exposure time. Additionally, as
different nanoparticle anisotropy would contribute to different
heating capability,[12] this may explain why the 18.4 nm iNLMs
showed the highest magnetothermal efficiency under AMF.
Accordingly, the 18.4 nm iNLMs were selected for subsequent
experiments.

The synthesized 18.4 nm Fe3O4 nanocubes were further char-
acterized with X-ray powder diffraction (XRD) (Figure S1B, Sup-
porting Information). The particle size was measured as 15.8 nm
based on calculation using Scherrer equation from the reflec-
tion peak of (311) in the XRD pattern. The measurement is close
to the 18.4 ± 2.5 nm particle size based on the TEM image
calculation.[13] The sizes of iNLMs can be tuned by changing the
volume of water droplets between 5 and 300 µL (Figure S2, Sup-
porting Information), indicating the versatility of these miniature
reactors in terms of reaction capacity. Furthermore, iNLMs ex-
hibited high contact angles of approximately 145°. Under 23°C
and 60% humidity, water evaporation from 40 µL iNLMs and
40 µL bare droplets placed on the surface of a Petri dish were
measured by relative weight change at different time points, re-
vealing that iNLMs had a 38.8% longer survival time compared
with bare droplets (Figure S3, Supporting Information). Through
these evaporation experiments, we estimated that the mass of
Fe3O4 coated on each 40 µL iNLM was 1.05± 0.02 mg. To evaluate
the layers of Fe3O4 nanocubes on each 40 µL iNLM, the surface
area of the iNLMs is approximately equal to a sphere with a vol-
ume of 40 µL, which would be 1063.62 nm3. Considering that
the density of Fe3O4 is 5.17 g cm−3 and the average volume of a
18.4 nm Fe3O4 nanocube is 6229.5 nm3, there are approximately
195 layers of Fe3O4 nanocubes on each 40 µL iNLM, which means
the thickness of the Fe3O4 nanocube coating on the liquid mar-
bles was approximately 3.59 µm. The formed iNLMs were easy
to handle and could be reversibly opened and closed, or be con-
trolled to move in different directions under the actuation of a
magnet owing to their magnetic nature and robustness (Figure
S4A,B, Supporting Information). With a magnet and a pipette,
liquid could be added into or withdrawn from the iNLMs, which
offers the potential for carrying out multistep solution reaction
(Figure S4C, Supporting Information).

Our iNLMs possessed unique magnetothermal heating prop-
erties over liquid marbles coated with other materials. Only few
elements such as iron, nickel, and cobalt and their alloys would
respond to magnetic fields; therefore, we tested five types of liq-
uid marbles coated by different materials: Fe3O4 nanocubes, tita-
nium oxide, graphene, polytetrafluoroethylene (PTFE), and silica
nanoparticles, and bare droplets without any coating were set as
control (Figure 1E). Upon AMF exposure (20.0 mT), the iNLMs
exhibited the highest bulk temperature of approximately 58 °C
(Figure 1F), which is ≥2.8 times higher than liquid marbles of
other materials (≤20.8 °C). Furthermore, the temperature change
(ΔT = 40 °C) of the iNLMs was ≥18-fold higher than that of other
liquid marbles (ΔT ≤2.2 °C) (Figure 1G). The slight temperature
increase of the bare droplets and liquid marbles coated by other
materials are probably caused by heat radiation from the copper
coils, which were mildly heated when the AMF was generated.

Thus far, it has been challenging to exert heating of multiple
liquid marbles simultaneously,[7a] which restricts liquid marbles
from being used for series studies. As the AMF covered a large
area, which was illustrated through the simulation in COMSOL
(Figure S5, Supporting Information), the iNLMs located in the
AMF could be simultaneously heated, indicating that parallel
heating of multiple iNLMs is possible. Here, four liquid mar-
bles and one bare droplet were placed under the same AMF
(Figure 1H). In the initial state, an IR image suggested that
all five targets shared similar temperature of 18.5 °C (Figure
S6A, Supporting Information). When the AMF was triggered,
the four liquid marbles were heated immediately, and the bare
droplet remained at room temperature (Figure 1I; Video S1,
Supporting Information). After AMF exposure for 90 s, all four
liquid marbles were homogeneously heated to reach the highest
bulk temperature of approximately 60 °C, while the bare droplet
remained at room temperature (approximately 20 °C) (Figure 1J;
Figure S6B, Supporting Information).

The bulk temperature and temperature distribution of iNLMs
were investigated upon AMF exposure, and their spatial temper-
ature profiles upon different powers of AMF were monitored us-
ing an IR camera. During the heating process, a 40 µL iNLM
exhibited a homogeneous surface temperature of 18.5 °C prior
to AMF exposure (Figure 2A, 0 s). Within 5/10/20/40/80 s of
AMF (20 mT) exposure, the average temperature of the whole
iNLM increased to approximately 26.6/32.3/40.5/49.8/61.5°C
(Figure 2C), with a temperature change rate (dT/dt)max of
4.63°Cs−1 (Figure S7A, Supporting Information). Due to the fact
that Fe3O4 nanocubes were uniformly distributed on the whole
surface of liquid marbles, AFM activation enabled 360° heat-
ing such that the temperature distribution of iNLMs during the
whole heating process was homogenous, which is a dramatic
improvement compared with a previous laser-induced heating
system.[7a] Once the AMF was switched off, the iNLMs entered
a cooling process. Similarly, the temperature distribution dur-
ing the cooling process was also homogenous (Figure 2B). The
longer cooling process to room temperature was due to slower
heat dissipation from the iNLMs to air. Overall, the results high-
lighted the rapid and homogenous magnetothermal properties of
iNLMs and their heat conductivity for achieving immediate ther-
mal modulation.

The temperature of our iNLMs can be precisely modulated by
AMF power. Equilibrium temperature (at t = 90 s) from 26 °C to
87 °C was achieved by tuning the AMF power from 5.0 to 30.0
mT, respectively (Figure 1E). Under different AMF powers, the
maximum temperature increase rate (dT/dt) during the heating
process, which was indicated by the 1st derivative of temperature
change, ranged from 0.31 °C to 4.63 °C s−1 (Figure S7A, Support-
ing Information). In general, the magnetic thermal behavior of
iNLMs can be categorized as a three-step heating process. First,
the drastic temperature increase in the first 10 s (10 to 20 s) was
attributed to the instantaneous magnetic thermal transduction
of Fe3O4 under AMF treatment. Then, the surface layer of encap-
sulated water was initially heated by heat generated in the whole
shell of the iNLMs and conducted to water in all directions, while
the internal part of the encapsulated water remained at a low tem-
perature. The dramatic temperature difference between the sur-
face and internal part of the encapsulated water triggered intense
convection within the iNLMs, which led to a slow but continuous
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Figure 2. A,B) Thermograms of a 40 µL iNLM under exposure to 20 mT AMF. Spatial temperature profiles on the iNLM along the white dotted line when
the AMF generator was C) switched on and D) off, respectively. Temperature-time profiles of E) the heating process under exposure to different powers
of AMF and F) the cooling process when the AMF generator was switched off. G) Temperature–time profiles of heating/cooling cycles on the iNLM. H)
Temperature–time profiles of controlled step cooling process.
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temperature increase from 20 to 80 s. Lastly, when the convec-
tion in the encapsulated water had almost finished, a subsequent
temperature plateau appeared (after 80 s, Figure 2E). The plateau
indicates that thermal equilibrium has been reached, in which
the gain of heat energy through the magnetic field is balanced
by heat dissipation through thermal conduction on the surface
of the iNLM shell, the encapsulated water, and the environment
(including the surrounding air and the holding surface).

Next, the cooling process of the iNLM was studied by switch-
ing off the AMF generator. Similar to the heating process, the
cooling process of the whole iNLM also occurred in three stages
(Figure 2F; Figure S7B, Supporting Information). First, temper-
ature under different AMF dropped substantially in the first 10 s
(10 to 20 s). Then, inner convection might be triggered, and a
gradual temperature decrease of the entire iNLM continued for
approximately 200 s before eventually reaching a plateau, which
is 2.5 times longer than the heating process. The longer duration
may be due to the slow dissipation from the iNLMs to air as the
main mechanism of heat transfer in cooling, whereas direct con-
duction - which is known to be more effective than dissipation -
from Fe3O4 to water is the main mechanism of heat transfer in
heating.[14]

The rapid responsiveness and high reproducibility of magne-
tothermal heating were further examined by subjecting a 40 µL
iNLM to controlled cycling or step cooling in AMF with different
powers. In controlled temperature cycles, the iNLM was heated
to approximately 50 °C under a 15.0 mT AMF followed by two
1-min cycles, and then the power was increased to 30.0 mT and
the equilibrium temperature was increased to approximately 80
°C for another four cycles (Figure 2G; Figure S8A, Supporting
Information). In the controlled cooling experiments, the iNLM
was heated with a 30.0 mT AMF during the 2nd to 5th min (Fig-
ure 2H). Then, the AMF power was reduced to 25.0 mT at the 5th
min, and 3 min later, the AMF power was further reduced to 20.0
mT, and so on until the AMF was turned off (Figure 2H; Figure
S8B, Supporting Information). The steady temperature change
and control through adjusting the AMF indicated that the iNLM
could be utilized in a process that required complicated temper-
ature control. Hence, the iNLM demonstrated timely and precise
thermal control by AMF, which is essential for reactions with del-
icate temperature requirements.

Next, iNLMs as remotely heatable miniature reactors
were evaluated by analyzing the degradation of temperature-
dependent methylene blue (Figure 3A,B). Methylene blue would
be reduced to a colorless product by NaBH4 in solution upon
heating. However, this reduction reaction was nearly inactivated
at room temperature. Without NaBH4 addition, less than 2% of
methylene blue degradation was observed even after 10 min of
exposure to a 15 mT AMF (Figure S9, Supporting Information).
Higher temperatures would further enhance this reduction and
longer times would lead to more degradation, making it an ideal
reaction for tracing temperature change in solution. Typically,
40 µL iNLMs, containing 0.9 mm methylene blue and 0.5 m
NaBH4, were exposed to AMF (power = 0, 5, 10, and 15 mT).
As a control, bare droplets containing the same component and
placed on a layer of Fe3O4 nanocubes were used as the control.
At predefined time intervals (30 s in the first 4 min and then
2 min in the next 6 min), the encapsulated aqueous solutions or
solutions in bare droplets were extracted and measured using

UV-Visible spectroscopic measurement (Nanodrop 2000). Ther-
mograms illustrated that 360° irradiation and heating enabled
the iNLMs to reach a much higher temperature than droplets
on a coating layer, in which only the bottom solution is heated
(Figure 3C,D). From the obtained absorbance spectra of methy-
lene blue in iNLMs, a significant decrease of the characteristic
608 nm peak intensity was observed, indicating its degradation
during AMF exposure (Figure 3E; Figure S10, Supporting In-
formation). Consequently, a degradation efficiency of >98% was
achieved in a 15 mT AMF, as shown by C10min/C0 = 0.02 (C0 and
C10min denote the initial concentration and concentration after
10 min of AMF exposure, Figure 3F; Figure S11, Supporting
Information). Without any heating (room temperature = 19 °C),
the degradation efficiency of MB after 10 min was 18.8%. The
degradation efficiency of MB could reach 60.0%, 75.3%, or 96.7%
after 10 min treatments of 5, 10, or 15 mT AMF, respectively
(Figure 3F). Because [NaBH4] = 0.5 M >> [Methylene Blue] =
0.9 mM, this reaction was assumed to be a pseudo-first-order
reaction: ln ([MB]/[MB]0) = −kt (k means the degradation rate
constant of methylene blue and t means the degradation time).
Without any heating (AMF power = 0 mT), k was calculated
as 0.020. Through the fitting curve above, k was calculated as
0.088, 0.185, and 0.344 min−1 for AMF powers of 5, 10, and 15
mT, respectively (Figure 3G). In the control group, because only
the bottom of the mixture in droplets were heated up by the
surface coating (Figure 3D), the degradation efficiency and rate
were much lower than iNLMs under the same AMF (15 mT),
namely only 68.3% and 0.112 min−1, respectively (Figure 3H).
The 360o irradiation and heating properties of iNLMs stimulated
degradation efficiency from 68.3% in the control group to 96.7%
and achieved a 3.1-fold superior reaction rate constant compared
with the simple coating layer.

Liquid marbles have recently been applied for high-
throughput drug screening,[5] photodynamic therapy,[15] and
3D cell culture.[4a,b,d,16] However, previous reactors based on
liquid marbles were unable to carry out heat-triggered molec-
ular biological reactions. To demonstrate the versitility of the
iNLMs developed in this study, we performed the DNA ampli-
fication reaction in liquid marbles for the first time, by using
the loop-mediated isothermal amplification (LAMP) assay.
Typically, 40 µL iNLMs containing LAMP master mixture, the
target human papillomavirus (HPV) DNA, and primers were
exposed to AMF and reached specific working temperature
(65 °C) (Figure 4A). To prevent undesirable evaporation of
iNLMs during long incubation periods, the 40 µL iNLMs were
stored in Eppendorf tubes and placed in an AMF (Figure 4B).
Because of the multicentric heating ability of the AMF system,
we could test several samples simultaneously (Figure S12A,B,
Supporting Information). After tens of minutes of incubation,
some negligible evaporation appeared inside the tubes (Figure
S12E, Supporting Information), and the tubes were centrifuged
to separate the liquid and iron oxide nanocubes (Figure S12E,
Supporting Information). The residual transparent liquid was
further tested.

In addition to DNA amplification in iNLMs, control exper-
iments were also conducted, in which Eppendorf tubes con-
taining the same components, including a solution mixture of
LAMP master mixture, the target HPV DNA, and primers, were
incubated in similar temperatures in a thermal cycler. Three
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Figure 3. A) Setup and B) schematic representation of an iNLM as a remotely magnetothermal miniature reactor. Thermogram of C) an iNLM
and D) a droplet on coating. E) Absorbance spectra of methylene blue solution extracted from iNLMs at different time intervals (AMF power = 15
mT). F) Plot of normalized methylene blue concentrations ([MB]/[MB]0) as a function of irradiation duration for different applied AMF powers. G)
Plot of –ln([MB]/[MB]0) against irradiation duration for different AMF powers and H) different types of groups according to the pseudo-first-order
reaction.

different concentrations of HPV DNA templates, namely 1000,
100, and 10 copies per µL, were tested in the iNLMs and the
thermal cycler separately. Considering that the signals of LAMP
products were too strong in 1000 copies per µL and too weak in
10 copies per µL, the 100 copies per µL concentration was se-
lected to further illustrate the advantages of iNLMs (Figure S13,
Supporting Information). Then, a series of experiments was per-
formed in iNLMs or using thermal cycler with the LAMP reaction
time (under 65 °C) ranging from 10 to 60 min. Three methods
were used to quantify the amplification results from iNLMs or
thermal cycler. First, phenol red staining indicated that the DNA
amplification efficiency was higher in iNLMs than in thermal cy-
cler at the same time (Figure 4C,D). In this colorimetric LAMP
kit, if DNA amplification occurred, the pH of the mixture would
decrease and the phenol red would change from red to yellow.

The corresponding absorbance spectra of LAMP products from
iNLMs or thermal cycler were used to quantify the color change
(Figure 4E,F). A more significant increase in the peak at 436 nm
and a more significant decrease in the peak at 588 nm indicated
the color change was more obvious in LAMP from iNLMs than
that from thermal cycler. Second, calcein was added to another
series of products from iNLMs or thermal cycler, and the fluores-
cence results revealed that the LAMP reaction in iNLMs reached
a plateau 10 min earlier than in the thermal cycler (Figure 4H–
J), which indicated that the DNA amplification rate in iNLMs was
25% faster than that in thermal cycler. Third, the gel electrophore-
sis results confirmed that LAMP reactions in iNLMs finished in
40 min, whereas those in thermal cycler required 50 min (Fig-
ure 4K). The results further confirmed that because of the larger
contact area between the Fe3O4 nanocubes and the encapsulated
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Figure 4. A) Schematic representation of iNLM carrying LAMP assay. B) Digital images of a 40 µL iNLM kept in an Eppendorf tube. LAMP products after
different incubation durations (from left to right: 10, 20, 30, 40, 50, and 60 min) from C) iNLM and D) thermal cycler were detected using colorimetric dye
(Phenol red). Absorbance spectra of LAMP products after different incubation durations from E) iNLM and F) thermal cycler. G) Plot of peak absorbance
of LAMP products from iNLM and thermal cycler against incubation time. Fluorescent images of LAMP products after different incubation durations
(from left to right: 0, 10, 20, 30, 40, 50, and 60 min) from H) iNLM and I) thermal cycler. J) Fluorescence intensity against incubation time of LAMP
products from iNLM and thermal cycler. K) Agarose gel electrophoresis results of LAMP products. M: Size marker. N: 60-min incubation without HPV
DNA template.
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solution as well as the spherical geometry to enabling 360° irra-
diation by AMF, DNA amplification based on a LAMP assay in
iNLMs would be faster than that in thermal cycler. Similar re-
sults would be expected for other temperature-dependent reac-
tions such as polymerase chain reaction (PCR).

In summary, we described the fabrication of novel iNLMs and
their application as magnetothermal bioreactors for reaction ki-
netics modulation and DNA amplification. This research high-
lights that through utilizing AMF, controllable, contactless, and
multicentric heating of iNLMs could be realized. Homogeneous
temperature distribution was observed in iNLMs during heating
and cooling. By simply adjusting the power of AMF, iNLMs could
be heated to required temperatures from 25 °C to 86 °C, and
achieve a 3.1-fold superior reaction rate constant compared with
a simple coating layer for the same enzymatic reaction. Notably,
through using the LAMP assay, DNA amplification was success-
fully performed in liquid marbles. This is the first application
of liquid marbles in molecular biological reaction. The multiple
advantages of iNLMs will enable their further applications in re-
search and industry, including in lab-on-a-chip systems, point-of-
care testing, and theranostics.
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