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ABSTRACT: Miniaturized laboratories (mini-lab) centered on droplet/bubble-based
microreactions hold immense promise for various applications. Magnetic excitation is
widely utilized in open-surface minilaboratories, but the intrinsic properties of magnetic
media limit mini-lab functionalization. Here we propose a mini-lab assembled from two
femtosecond laser-engineered heterogeneous components, leveraging synergistic effects to
extend functionality in droplet/bubble-based mini laboratories. The system comprises two
distinct components, each capable of independent droplet/bubble manipulation: a
magnetic superhydrophobic component integrating strong magnetic/photothermal
properties (minimum driving magnetic field of ∼12.7 mT), and a magnetic transparent
component featuring superior transparency (transmittance of ∼83.1%) for unimpeded
visual access to the encapsulated liquid. The mini-lab is assembled from two components
that not only combine their individual strengths but also generate additional functions
through their synergy. It can effectively mitigate evaporation (∼70.8%), prevent
contamination, and move on various substrates. This synergy strategy endows the mini-lab with advantages for compact laboratory
applications, demonstrating its versatile capabilities.
KEYWORDS: droplet manipulation, miniaturized laboratories, synergistic, femtosecond laser, magnetic response

Miniaturized laboratories (mini-lab) based on droplet and
bubble systems are capable of efficiently performing

both reaction and detection processes. Their remarkable
flexibility, adaptability, versatility, and cost-effectiveness give
them vast potential in the precision-engineered fields of
biomedicine and fine chemistry.1−4 On open surfaces, droplets
or bubbles act as independent systems for microscale
experiments, whose manipulation depends on external stimuli
to realize controlled transport, merging, and mixing, along with
optical or electrochemical detection.5,6 Compared to acoustic,
optical, and electrical stimuli, magnetic actuation provides a
promising contactless approach with minimal latency.5,7−9

Magnetic media can convert magnetic forces into driving
forces for droplet/bubble manipulation. Common magnetic
media primarily consist of magnetic additives and magnetically
responsive elastomers. Magnetic additives, such as ferro-
fluids,10,11 magnetic powders,1,12 and magnetic beads,13,14 are
typically incorporated directly into the surface or interior of
droplets/bubbles, where magnetic forces are transformed into
interfacial forces to propel droplets or bubbles. In contrast,
magnetically responsive elastomers embed magnetic additives
within an elastomeric substrate, which undergoes controllable
deformation under an external magnetic field, thereby directly
driving the droplets or bubbles. Representative structures of
magnetically responsive elastomeric substrates include mag-
netic micropillars,15,16 microcones,17,18 microplates19,20 and

micropits.21,22 Magnetic additives offer flexible droplet/bubble
manipulation capabilities, such as transport along nonfixed
paths. However, they may contaminate the reagents and
require subsequent purification steps.10,23 In contrast, magneti-
cally responsive substrates avoid contamination of reagents by
additives, but exposed droplets on open surfaces are prone not
only to evaporation but also to environmental contamina-
tion.15,24

Manipulation of droplets or bubbles using magnetic media
enables the implementation of core functions such as reaction
and detection in miniaturized laboratories.1,10,21,25 Controlled
reactions necessitate flexible and versatile manipulations,
including transport, merging, and mixing. These capabilities
depend on carefully designed structures as well as strong
magnetic responsiveness, which in turn relies on a high
proportion of magnetic additives.26,27 In contrast, optical
detection and photochemical reactions requires superior
optical properties, which necessitates a reduced proportion of
magnetic additives to ensure that light can directly penetrate
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the encapsulating shell of the droplets or the substrate
supporting the droplets.28−31 There is an inherent trade-off
between magnetic responsiveness and transparency, making it
challenging for the magnetically responsive mini-lab system to
simultaneously achieve strong magnetic performance and
excellent optical properties.29,32 This limitation hinders the
ability to fulfill the diverse requirements of magnetically
responsive minilaboratories, including flexible reagent manip-
ulation (liquid and gas reagents), optical detection, and
photochemical reactions.
Collaboration among diverse individuals often produces

synergy beyond the sum of their parts. In nature, this synergy
allows organisms to combine unique skills, increasing the
success rate of tasks and enabling tasks impossible alone. For
example, groupers and giant moray eels use complementary
cooperative hunting strategies�groupers hunt in open water,
while moray eels hunt in reefs�making prey inescapable and
increasing their success. Similarly, weaver ants cooperate to

build large nests, with adult ants collectively shaping the leaves
and larvae secreting silk to secure the nest structure.33,34 These
provide an effective solution for enhancing the performance
and expanding the functionality of magnetically responsive
mini laboratories. Unlike traditional methods that typically
enhance one property at the expense of another, we draw
inspiration from animal synergistic behaviors and propose a
synergistic fluidic mini-lab. It is assembled from two femto-
second laser-engineered heterogeneous components to achieve
the coexistence of strong magnetic responsiveness and
excellent optical transparency, thereby enhancing the mini-
lab’s capabilities in controlled reactions and detection. The
magnetic superhydrophobic component (MSC), containing a
high concentration of magnetic particles, exhibits strong
magnetic responsiveness (minimum driving magnetic field of
∼12.7 mT) along with excellent photothermal performance,
enabling flexible manipulation of fluids as well as remote
heating. The magnetic transparent component (MTC)

Figure 1. Synergistic fluid mini-lab for compact laboratory applications. (A) Optical images of the synergistic mini-lab. A synergistic mini-lab
measuring 3 × 2 × 2 mm3 can be applied in reagent mixing and reactions, bubble manipulation, gas sensing, thermochromic reactions,
photochemical reactions, and blood grouping. Scale bar is 2 mm. (B) Schematic diagram of two heterogeneous components synergistically
assembled into a mini-lab. The synergistic mini-lab integrates the respective advantages of its two components, combining the strong magnetic
responsiveness and photothermal properties of MSC with the superior transparency of MTC. Moreover, through their synergistic interaction,
additional functions are achieved, including the effective slowing of liquid evaporation, enhanced resistance to contamination, and improved
compatibility with various substrates. (C) MSC and MTC assemble into a synergistic mini-lab. MSC carries the droplet to tumble toward the
MTC. Two components assemble into a mini-lab under the action of magnetic fields and capillary force. Scale bar is 2 mm.
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minimizes the content of magnetic particles while ensuring
effective magnetic responsiveness, thereby achieving an
excellent optical performance (transmittance of ∼83.1%).
This enhances optical accessibility, enabling direct optical
observation of internal liquids or facilitating photochemical
reactions. All of them can independently manipulate both
droplets and bubbles. Notably, the strong magnetic responsive-
ness and superhydrophobic nature of the MSC enable flexible
bubble splitting and release, surpassing other strategies that are
limited to simple bubble transport and merging.11,17,18,35 The
synergistic mini-lab not only harmoniously integrates the
individual advantages of each component but also demon-
strates additional functionalities arising from their synergy. For
instance, it effectively suppresses liquid evaporation (∼70.8%),
prevents external contamination, and reduces substrate
dependence, thereby enabling controlled manipulation of
liquids on surfaces with varying wettability (even a super-
hydrophilic substrate). These characteristics are crucial for
microreaction systems,36,37 enabling the synergistic mini-lab to
demonstrate significant advantages in compact laboratory
applications.
The synergistic fluid mini-lab demonstrates flexible fluid

manipulation capability and diverse functionalities, offering
attractive advantages in compact laboratory applications. As
illustrated in Figure 1A, we have developed a synergistic mini-
lab with dimensions of 3 × 2 × 2 mm3, capable of
accommodating liquid or gas (12 μL), thereby enabling
flexible reaction and detection processes across diverse fields
such as fine chemistry and biomedical. Specifically, we
demonstrate its applications in reagent mixing and reactions,
bubble manipulation, gas sensing, thermochromic reactions,

photochemical reactions, and blood grouping. As shown in
Figure 1B, the synergistic mini-lab is assembled from MSC and
MTC driven by capillary forces. Both MSC and MTC are
fabricated via femtosecond laser processing of Polydimethylsi-
loxane (PDMS) films doped with iron particles (Figure S1).
Owing to the high concentration of iron particles in MSC, it
demonstrates both strong magnetic responsiveness and
significant photothermal effects. In contrast, MTC contains a
smaller amount of iron particles, resulting in relatively weaker
magnetic responsiveness but enhanced optical performance.
The difference in iron particle concentration leads to the
magnetic and optical heterogeneity between MSC and MTC.
The synergy between the two heterogeneous components
enables the mini-lab to not only efficiently integrate the
individual properties of both components but also confer
additional advantages. In particular, the synergistic mini-lab
combines the strong magnetic responsiveness and photo-
thermal characteristics of MSC with the transparent optical
window formed by MTC. Moreover, their synergistic
interaction effectively slows liquid evaporation, enhances
antifouling performance, and enables compatibility with
various substrates. The assembly process of the synergistic
mini-lab is illustrated in Figure 1C (Movie S1). MSC and
MTC can each independently load droplets (6 μL). The
significant difference in magnetic responsivity (>200 mT)
allows the MTC to remain stationary while the MSC is being
manipulated, instead of being driven simultaneously. Upon
contact, increasing the magnetic field intensity triggers the
MTC to unfold and expose its encapsulated droplet, while the
MSC deforms, allowing their loaded droplets to merge. By
regulating the assembly with magnetic field, two components

Figure 2.Magnetic responsiveness of the synergistic mini-lab. (A) Optical image of the synergistic mini-lab. Scale bar is 500 μm. (B) Magnetization
of PDMS films with different iron particle contents. (C) Transmittance of PDMS films with different iron particle contents. (D) The minimum
driving magnetic fields for MSC, MTC, MSC with droplet, MTC with droplet and synergistic mini-lab, respectively. (E) Schematic diagram of the
driving system. A spherical permanent magnet generates a periodically varying magnetic field through rotation, driving the synergistic mini-lab to
move directionally. (F) Magnetic field simulation of the spherical magnet.
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can assemble into the mini-lab with the assistant of the
capillary force.38,39

MSC and MTC stably assemble into a synergistic mini-lab
that maintains strong magnetic actuation performance while
featuring a broad transparent optical window, significantly
enhancing optical accessibility and enabling applications such
as optical monitoring and photochemical reactions (Figure
2A). These advantages of the synergistic mini-lab enable it to
meet the demands of controllable reactions, real-time
monitoring, and product analysis in microreaction processes.
Notably, these processes impose stringent requirements on
both the magnetic responsiveness and optical properties of the
device, which existing systems based on a single magnetic
medium struggle to meet due to the inherent challenge of
s imultaneously enhancing both performance as-

pects.10,16,21,29,31,32,40 Figures 2B and 2C clearly illustrate the
interrelation between the magnetic responsiveness and optical
properties of an individual magnetic medium. A series of
magnetic PDMS films with varying iron particle concentrations
are prepared and systematically tested. As shown in Figure 2B,
the magnetic responsiveness of the films significantly increases
as the iron concentration rises from 3 to 40 wt %. However,
their transmittance decreases from ∼83.1% to ∼11.5%, as
illustrated in Figure 2C. Based on these results, magnetic films
containing 40 wt % iron particles are selected to ensure strong
magnetic responsiveness, while films with 3 wt % iron particles
are chosen to maximize optical transparency while ensuring
sufficient magnetic drivability. These two selected films are
subsequently processed into the component structure via
femtosecond laser direct writing (Figure S1). This process

Figure 3. Motion performance of the synergistic mini-lab. (A) Schematic diagram of forces acting on the synergistic mini-lab during tumbling. The
mini-lab experiences gravitational force Fg, vertical magnetic force component Fmz, and supporting force FN in the vertical direction. In the
horizontal direction, it is subjected to horizontal magnetic force component Fmx, and frictional force Ff. Additionally, the mini-lab is influenced by a
magnetic torque τm. (B) Relationship between the displacement of the synergistic mini-lab and the rotation angle of the magnet. The inset shows
one tumbling cycle of the synergistic mini-lab. (C) Relationship between the tumbling angle of the synergistic mini-lab and the rotation angle of the
magnet. The inset is the schematic diagram of the tumbling angle. (D) Relationship between the magnetic field intensity, the displacement of the
synergistic mini-lab, and the rotation angle of the magnet during the continuous movement of the synergistic mini-lab. (E) Relationship between
the moving speed of the synergistic mini-lab and the rotation speed of the magnet. (F) The synergistic mini-lab moves in a 2D plane. Scale bar is 5
mm. (G) The synergistic mini-lab resists gravity to transport a water droplet on an inverted surface. Scale bar is 2 mm.
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induces surface ablation and micro/nanoparticle deposition on
the magnetic film. By controlling the processing parameters,
we can achieve both contour cutting of the components and
on-demand construction of micro/nanostructures for tailoring
surface wettability, thereby imparting distinct surface charac-

teristics to the two components (Figure S2). We optimized the
morphology (including the rectangular contours of MSC and
MTC as well as the rounded edges of MTC), surface
wettability (with one side of MSC modified to be super-
hydrophobic), motion modes, and assembly modes of the two

Figure 4. Fluid manipulation performance of the synergistic mini-lab. (A) Schematic diagram of the synergistic mini-lab for liquid merging and
mixing. The mini-lab achieves rapid mixing of liquids through reciprocal tumbling and can then unfold for subsequent sampling. (B) Assembly
modes of two components with different droplet volume distributions. The total volume of the droplet keeps at 12 μL. (C) Synergistic mini-lab for
efficient liquid mixing. The two components are loaded with green and red 50% glycerol solutions, respectively, and are magnetically assembled
into a synergistic mini-lab. The mini-lab mixes the solutions by reciprocal tumbling and then unfolds for further operations. (D) Mixing index of the
solution during the reciprocal tumbling of the synergistic mini-lab. (E) Synergistic mini-lab for chemical cascade reactions. Two components are
loaded with FeSO4 droplet and KOH droplet, respectively, and assembled into the mini-lab to merge the droplets for reaction to form the
Fe(OH)2. The synergistic mini-lab further oxidized Fe(OH)2 to form Fe(OH)3 by reciprocating tumbling. (F) Two components assemble into a
synergistic bubble mini-lab. All scale bars are 2 mm.
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components to ensure stable assembly of the synergistic mini-
lab while maximizing the transparent optical window (Figures
S2−S12). The minimum magnetic field strengths required to
drive different components are shown in Figure 2D. Notably,
the synergistic mini-lab can be actuated by a relatively low
magnetic field strength (∼57 mT). The schematic of the
driving system for the synergistic mini-lab is shown in Figure
2E. A rotating spherical magnet produces a periodically varying
magnetic field that propels the mini-lab to tumble directionally.
The corresponding magnetic field simulation is presented in
Figure 2F, while the magnetic flux density is detailed in Figure
S13, Supporting Information.
Within the rotating magnetic field, the synergistic mini-lab

experiences both magnetic force (Fm) and magnetic torque
(τm), which can be described as follows (Figure 3A,
Supplementary Note 1):41,42

NVF M B( )m = · (1)

NV M B( )m = × (2)

where N is the total number of iron particles contained within
the synergistic mini-lab, V is the volume of an iron particle, M
is the magnetization of the iron particle, B is the magnetic flux
density of the spherical magnet. A full rotation of the magnet
drives the synergistic mini-lab to complete one tumbling cycle.
The relationships between the rotation angle of the magnet
and the displacement of the synergistic mini-lab in the xz-
plane, as well as its tumbling angle, are presented in Figures 3B
and 3C, respectively. As the rotation angle of the magnet
increases, the tumbling angle of the mini-lab correspondingly
grows, resulting in a net displacement along the x-direction.
One locomotion cycle of the synergistic mini-lab (i.e., one full
tumble) corresponds to a displacement of approximately four
body lengths (BL, ∼8.3 mm). The continuous rotation of the
magnet generates a periodically varying magnetic field, which
drives the synergistic mini-lab to perform sustained tumbling
motion (Figure 3D, Movie S2). The locomotion speed of the
synergistic mini-lab (V) can be readily controlled by adjusting
the rotation speed of the magnet (Figure 3E). It can be given
by

V
nBL4
60

=
(3)

where n is the rotation speed of the magnet (rpm), BL is the
body length of the synergistic mini-lab. With its excellent
magnetic responsiveness, the synergistic mini-lab demonstrates
remarkable locomotion capabilities. By precisely controlling
the motion trajectory of the rotating magnet, programmable
two-dimensional (2D) locomotion of the synergistic mini-lab
can be achieved (Figure 3F). It is even capable of antigravity
manipulation, such as tumbling forward on an inverted surface
(Figure 3G, Movie S3).
The transport, merging, mixing, and sampling of reaction

reagents are fundamental operations in droplet-based mini-
aturized laboratories. Through controlled assembly of its two
components, the synergistic mini-lab can conveniently perform
these functions. As shown in Figure 4A, leveraging the
significant difference in magnetic responsiveness, the MSC
can actively carry the reagent to approach the MTC. Under the
influence of the magnetic field, the two components undergo
deformation, facilitating the merging of internal liquids.
Through flexible magnetic manipulation, the dual-component
system can be assembled into the synergistic mini-lab. Upon

assembly completion, this mini-lab achieves rapid reagent
mixing through a reciprocal tumbling motion, thereby
facilitating the reaction process. After the reaction finishes,
the synergistic mini-lab can unfold to allow for sampling and
other subsequent operations. The detailed unfolding and
sampling processes are illustrated in Figure S14. Under
magnetic modulation, the system enables reversible switching
between the unfolded and wrapped states, allowing repeated
sampling without additional steps and thus avoiding sample
loss or contamination (Figures S15 and S16 and Movie S4).
Moreover, the intrinsic hydrophobicity of PDMS ensures
minimal residue during sample retrieval from the unfolded
synergistic mini-lab (Figure S17). Depending on the volume of
the carried reagents, the synergistic mini-lab can be assembled
in different modes (Figure 4B). In mode I, one component
carries a small droplet and remains unfolded during the
assembly process, while the other component is in a wrapped
(folded) state. In mode II, both components are loaded with
droplets within the appropriate volume range and they both
transition into a folded state during the assembly process
(Figure S18).
The synergistic mini-lab for efficient liquid mixing is

illustrated in Figure 4C. The MSC and MTC are, respectively,
loaded with green and red aqueous glycerol solutions (50% v/
v). Initially, the MSC moves toward and contacts the MTC.
Then, as the magnetic field intensifies, both components
deform, allowing the encapsulated liquids to come into
contact. The two components bind through capillary forces,
followed by magnetically controlled tumbling to fine-tune the
assembly, ultimately forming a well-defined rectangular
structure (i.e., synergistic mini-lab). During the assembly
process, some liquids begin to mix, although delamination still
persists. By regulating the reciprocating tumbling of the
synergistic mini-lab, the glycerol solutions are uniformly mixed.
The resulting reagents can then be sampled on demand by
controlling the unfolding of the mini-lab (Movie S5). The
entire mixing procedure is observable through the optical
window formed by the MTC. As shown in Figure 4D, effective
mixing of the liquids can be achieved in approximately 50 s.
The same process is likewise applicable to chemical cascade
reactions (Figure 4E, Movie S6). The ferrous sulfate solution
(FeSO4, 0.25 mol·L−1, 6 μL) and potassium hydroxide solution
(KOH, 0.5 mol·L−1, 6 μL) are loaded by MSC and MTC,
respectively. The assembly facilitates the reaction between the
two solutions, culminating in the precipitation of a white
ferrous hydroxide precipitate (Fe(OH)2). The reciprocating
tumbling of the synergistic mini-lab allows the Fe(OH)2 to be
further oxidized to produce green ferric hydroxide (Fe(OH)3).
The reaction product is obtainable by unfolding the synergistic
mini-lab. By observation of the color changes of the reactants
through the optical window, the advancement of the reaction
can be evaluated. In addition, through the cooperative
assembly of the two components, the synergistic mini-lab is
employed to construct three-dimensional hydrogel micro-
blocks, providing a platform for engineered tissue applica-
tions43 (Figure S19). Importantly, the design of the synergistic
mini-lab ensures robust scalability, allowing it to be adapted for
use in small-volume droplet systems without compromising its
functional performance (down to 2 μL, Figure S20). Besides
liquids, gases are another commonly encountered reactive
substance. The bubble-based microreactions demonstrate
remarkable promise within the realms of gas analysis and
detection applications.6,44 The synergistic mini-lab is also
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applicable to bubble systems without the need for additional
surface modification. As shown in Figure 4F, the two

components can be individually loaded with air bubbles (6
μL). The MSC carries the bubble to actively approach the

Figure 5. Diverse compact laboratory applications based on the synergistic mini-lab. (A) Synergistic mini-lab for gas sensing. The synergistic mini-
lab loads detection reagent and actively approaches the gas source. It reciprocates to enable rapid gas sensing. Scale bar is 2 mm. (B) Remote
heating of the synergistic mini-lab via photothermal effect for thermochromic reaction. The temperature−time curve demonstrates that as NIR laser
irradiation is applied, the temperature of the synergistic mini-lab gradually increases. The insets show the color of the internal solution changing
from blue to pink. (C) Reversible heating of the synergistic mini-lab. (D) Synergistic mini-lab enables UV curing of 3D hydrogel microblocks
through the optical window. Scale bar is 1 mm. (E) The hydrogel microblocks is used for sustained drug release. (F) Synergistic mini-lab is used as
a biomedical microreactor to enable blood grouping. Scale bars are 1 mm.
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MTC. Upon contact, both components are controlled to
deform by increasing the magnetic field, leading to the merging
of the wrapped bubbles. Through the combined effects of
capillary forces and magnetic fields, the two components
assemble into a synergistic bubble mini-lab, which enables
flexible manipulation of gas samples (Movie S7). Beyond
bubble transport and merging, the MSC achieves controlled
splitting and on-demand release of microbubbles by utilizing
its superhydrophobic surface and flexible magnetically
responsive manipulation capabilities (Figure S21). This
capability is essential for achieving diverse and flexible
manipulations in bubble-based microreactions, yet it poses a
significant challenge to existing magnetically responsive
strategies that are limited to bubble transport and merg-
ing.11,17,18,45

Leveraging synergistic effects, the mini-lab achieves
enhanced performance and expanded functionality, offering
significant advantages for compact laboratory applications. The
transparent window formed by the MTC enables direct optical
observation and facilitates photochemical reactions, thereby
enhancing its utility in microchemistry and biomedicine.46

Combined with the exceptional magnetic manipulability
provided by the MSC, the synergistic mini-lab demonstrates
distinct capabilities for rapid gas sensing. As shown in Figure
5A, the synergistic mini-lab carrying detection reagent (phenol
red, 12 μL) actively approaches the gas source (ammonia
solution, 0.66%, 20 μL). A regular microporous array is
constructed on the MTC as the detection window to enhance
the contact area between the detection liquid and the gas
(Figure S22). Moreover, the synergistic mini-lab is recip-
rocated near the gas source to enhance the interaction between
the gas and the detection reagent, thereby improving the
detection efficiency. The detection reagent inside the
synergistic mini-lab undergoes a color change at 5.85 s, while
the stationary detection reagent (12 μL) shows a color change
at 16.63 s, by which time the synergistic mini-lab has turned
completely red. The stationary detection reagent fully turned
red at approximately 37.27 s (Movie S8). The strong
photothermal effect from the high iron particles content in
the MSC, combined with the optical window of the MTC,
endows the synergistic mini-lab with distinctive application
prospects in temperature-dependent microreactions. As shown
in Figure 5B, a solution of cobalt chloride (CoCl2) in
hydrochloric acid (12 μL) is loaded in the synergistic mini-lab.
The cobalt ions in solution at equilibrium are present in
CoCl42− and Co(H2O)62+, that is Co(H2O)62+ + 4Cl− ⇄
CoCl42− + 6H2O.

47 Initially, the solution appeared pink
(Co(H2O)62+). When the near-infrared (NIR) laser is
irradiated onto the mini-lab, the iron particles inside the
components absorb the NIR light to generate heat, causing the
equilibrium shift toward the blue CoCl42−. The temperature
increases form 17.4 ± 0.4 °C to 65.6 ± 2.6 °C after 30 s of
irradiation. After the NIR light is removed, the temperature
gradually decreases and the equilibrium shifts toward the pink
Co(H2O)62+ again. The performance of reversible remoting
heating is verified in cycle tests (Figure 5C, Movie S9). A
control group experiment showed that the CoCl2 solution does
not undergo a color change when exposed to NIR light alone
(Figure S23).
Leveraging the synergy of the two components’ excellent

magnetic and optical properties, the mini-lab also demon-
strates great potential for biomedical applications. Figure 5D
and 5E demonstrate the utilization of synergistic mini-lab for

the fabrication of 3D hydrogel microblocks, which commonly
serve as carriers for therapeutic agents, providing spatial and
temporal control over their release.48 As illustrated in Figure
5D, the hydrogel solution is initially loaded into the synergistic
mini-lab. Beyond facilitating visual observation, the optical
window also functions as a channel for photochemical
reactions. Through this window, ultraviolet (UV) light directly
irradiates the hydrogel solution, initiating cross-linking and
leading to the formation of a 3D hydrogel microblock. Drug is
preloaded into the hydrogel microblock to enable controlled
release profiles. As shown in Figure 5E, the drug release
concentration gradually increases over time, exhibiting effective
temporal control. In addition, with its contactless operation
and optical window, the synergistic mini-lab readily lends itself
to rapid blood grouping applications. When the red blood cells
exposed to the corresponding antibodies, they will produce a
coagulation reaction.49 As demonstrated in Figure 5F, two
components are used to load blood and antibody, respectively.
By collaborative assembly of two components, the blood and
antibodies are thoroughly mixed (Figure S24). The distinct
stratification of the condensed samples (anti-A + blood type A,
anti-B + blood type B) can be visually observed through the
optical window, with the upper portion displaying the color of
antibodies and the lower part showcasing the condensed red
blood cells. In other instances, the mixture remains uniformly
deep red. Better optical transparency is more favorable for
photochemical reactions or detection. It is encouraging that
the MSC can also cooperatively assemble with transparent
PDMS film (without iron particles doping) to form a
synergistic mini-lab for more demanding applications (Figure
S25). In addition to their individual advantages, the two
components confer additional functionalities to the mini-lab
through synergistic effects. For example, the mini-lab can
effectively protect the internal liquid, slowing down its
evaporation (∼70.8%) while preventing contamination from
the external environment. Moreover, the mini-lab demon-
strates enhanced adaptability by reducing its dependence on
substrate wettability, enabling the controlled transport of
liquids across substrates with varying wettability, including
superhydrophilic surfaces (Figures S26−S28). These features
are of great significance for applications such as open-surface
droplet microfluidic systems and microreactors.
In summary, we demonstrate a miniaturized fluid laboratory

based on the synergy of two components targeting a wide
range of droplet- and bubble-based compact laboratory
applications. The synergistic mini-lab is assembled from two
femtosecond laser-engineered magnetic components that each
possess unique advantages and can independently manipulate
droplets and bubbles. The MSC excels with its strong magnetic
responsivity and photothermal properties, while the MTC is
characterized by its high transparency. The rational magneto-
responsive design and structural optimization of the
components enable them to assemble rapidly and robustly
into a synergistic mini-lab. This strategy not only fully
leverages the advantages of both components but also
generates additional benefits through synergistic effects. It is
capable of mitigating liquid evaporation, avoiding potential
contamination, and making the synergistic mini-lab suitable for
multiple substrates. These features endow the mini-lab with
significant advantages in compact laboratory applications that
integrate controllable reactions and detection. The mini-lab
enables flexible manipulation of droplets and bubbles, supports
optical detection and photochemical reactions, and allows for
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remote heating. This represents a remarkable advancement
over previous magnetically responsive droplet/bubble-based
miniaturized laboratories, which had limited functionality and
were difficult to expand. Empowered by this synergy, diverse
miniaturized laboratory operations have been realized, thus
holding significant importance for various fields, including fine
chemistry, medical diagnostics, and other related disciplines.
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