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Magnetic-actuated “capillary container” for versatile
three-dimensional fluid interface manipulation

Yiyuan Zhang', Zhandong Huang'#, Zheren Cai*3, Yuqing Ye?, Zheng Li*3, Feifei Qin®,
Junfeng Xiao', Dongxing Zhang®, Qiuquan Guo®, Yanlin Song? Jun Yang'*

Fluid interfaces are omnipresent in nature. Engineering the fluid interface is essential to study interfacial processes
for basic research and industrial applications. However, it remains challenging to precisely control the fluid inter-
face because of its fluidity and instability. Here, we proposed a magnetic-actuated “capillary container” to realize
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three-dimensional (3D) fluid interface creation and programmable dynamic manipulation. By wettability modifi-
cation, 3D fluid interfaces with predesigned sizes and geometries can be constructed in air, water, and oils. Multiple
motion modes were realized by adjusting the container’s structure and magnetic field. Besides, we demonstrated
its feasibility in various fluids by performing selective fluid collection and chemical reaction manipulations. The
container can also be encapsulated with an interfacial gelation reaction. Using this process, diverse free-standing
3D membranes were produced, and the dynamic release of riboflavin (vitamin B;) was studied. This versatile capillary
container will provide a promising platform for open microfluidics, interfacial chemistry, and biomedical engineering.

INTRODUCTION

Fluid interfaces, including gas-liquid interfaces and liquid-liquid
interfaces, are ubiquitous in nature and widely used in industrial
applications. They can be water droplets in air, gas bubbles under-
water, oil-water emulsions, soap foams, etc. The sudden change of
physical parameters across the fluid interface triggers many funda-
mental interfacial processes, such as diffusion, reaction, adsorption,
instability, evaporation, self-assembly, and acoustic resonance. These
processes form the pivot of chemistry, physics, biology, and material
science. For instance, evaporation is an essential driving force for
water cycle (1), energy conversion (2, 3), high-resolution printing
(4, 5), and surface patterning (6). Acoustic resonance of bubbles is
broadly used in ultrasound imaging (7, 8), acoustic tweezers (9, 10),
and metamaterials (11, 12). The interfacial reaction and diffusion
form the basis of chemical synthesis (13, 14), drug release (15),
extraction (16), and separation (17, 18). Adsorption benefits water
treatment (19), froth flotation (20), and food processing (21). Fingering
instability plays a vital role in oil recovery and hydrology (22, 23).
Meanwhile, the “soft” fluid interface offers a powerful platform for
self-assembly (24, 25). Engineering the fluid interface in a flexible
manner can be very attractive for interfacial process research and
technological renovations. However, owing to the interfacial insta-
bility and fluidity, precise control of fluid interface remains a great

"Department of Mechanical and Materials Engineering, University of Western
Ontario, London, Ontario N6A 5B9, Canada. 2Key Laboratory of Green Printing,
Institute of Chemistry, Chinese Academy of Sciences (ICCAS), Beijing Engineering
Research Center of Nanomaterials for Green Printing Technology, Beijing National
Laboratory for Molecular Sciences (BNLMS), Beijing 100190, P. R. China. 3University
of Chinese Academy of Sciences, Beijing 100049, P. R. China. “School of Biomedical
Engineering, University of Western Ontario, London, Ontario N6A 5B9, Canada.
SChair of Building Physics, Department of Mechanical and Process Engineering,
ETH Zrich (Swiss Federal Institute of Technology in Zrich), Ziirich 8092, Switzerland.
8shenzhen Institute for Advanced Study, University of Electronic Science and Tech-
nology of China, Shenzhen 518000, P. R. China.

*Corresponding author. Email: huangzhandong@iccas.ac.cn (Z.H.); jyang@eng.
uwo.ca (J.Y.)

Zhang et al., Sci. Adv. 2021; 7 : eabi7498 18 August 2021

challenge, especially for creating the three-dimensional (3D) stable
fluid interfaces and their programmable dynamic manipulation.

To date, most studies are based on microfluidics (26) to create
controlled fluid interfaces, which are limited to simple emulsion
droplets, floating bubbles, and planar pinned interfaces (27). To
create complex fluid interfaces, many efforts have been made. For
example, complex 2D gas-liquid interfaces have been generated by
regulating the 2D liquid foam evolution for functional material as-
sembly (28). The multimaterial fluid interface patterning has been
realized by using microstructures with predefined wettability for
microdevice fabrication (29). These methods can stabilize the 2D
fluid interfaces, but they disable the mobility of the interfaces. To
enable dynamic manipulation, electric (30, 31), acoustic (32, 33), and
magnetic fields (34-36) were used to actuate the fluid interface’s
motion. However, they are only applicable in the manipulation of
droplets or bubbles. Therefore, complex 3D fluid interface creation
and its dynamic manipulation have never been achieved.

Here, we proposed a magnetic-actuated “capillary container” to
realize the stable 3D fluid interface construction and programmable
dynamic manipulation for various applications. The capillary con-
tainer is composed of steel microbeads and a solid frame. With
proper wettability modification, the container can trap one fluid in
another immiscible fluid to prepare 3D fluid interfaces with differ-
ent sizes and geometries. Changes in steel microbead distribution
and magnet movement alter the degrees of freedom of the container
movement. Thus, diverse motion modes including flipping, rota-
tion, and translation are achieved. Moreover, the versatility and
universal applicability of the container have been verified in various
fluids, with the applications of selective fluid collection and chemical
reaction manipulation. Using an interfacial gelation reaction, liquid
packaging can be realized with the container. On the basis of this
process, various 3D membranes were prepared, and the dynamic
release process of riboflavin across the membranes at different pH
was studied. This capillary container allows stable 3D fluid interface
creation and versatile automated manipulation, opening promising
avenues for bubble metamaterials, open microfluidics, interfacial
chemistry, and programmable drug delivery and release.
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RESULTS

The basic principle of 3D fluid interface creation

The magnetic-actuated capillary container is composed of steel mi-
crobeads and a printed frame. The structured 3D fluid interface is
created when fluid 1 is captured by the container in immiscible flu-
id 2 (Fig. 1A). The solid frame provides the capillary force to trap
and pin fluid 1, and the steel microbeads endow the container with
mobility under the control of a magnetic field. The structure of the
container including the distribution of the steel microbeads and
the size and geometry of the frame can be flexibly adjusted. Taking
the cube container as an example, the basic principle of 3D fluid
interface creation is elaborated (Fig. 1, B to E). In the beginning, the
container is fully immersed in fluid 1. When it moves from fluid 1
to fluid 2, two distinct results will be obtained: Fluid 1 is replaced
(Fig. 1B) or captured (Fig. 1C). The fluid capture occurs when the
container has a stronger affinity for fluid 1 than for fluid 2, or con-
versely, the fluid replacement takes place. From the perspective of
energy, to capture fluid 1, the process in Fig. 1C should be energetically
more favorable than that in Fig. 1B, namely, E; < E,, where E, and
E; are interfacial energy for the fluid replacement and fluid capture,
respectively. The above equation can be converted into (section S1)

where 03 is the contact angle of fluid 1 on the frame (solid 3) in
fluid 2 (Fig. 1D). Sy is the area of the created fluid interface, and S;3
is the contact area of fluid 1 and solid 3 (Fig. 1E). Equation 1 indi-
cates that cosB;,3 > 0 because S;, and S;3 are positive, namely,
6123 < 90°. It demonstrates that the frame should be fluid 1 philic in
fluid 2. Meanwhile, given that the total surface area of the solid
frame is S, S1» < S13 < S can be derived because cos0;,3 < 1. This
reveals that the created fluid interface area should be less than the
frame’s total surface area. Therefore, Eq. 1 suggests that the wetta-
bility and geometry of the container are two key factors for the 3D
fluid interface creation. Most immiscible fluids serving as fluid 1 or
fluid 2 can be categorized as gas, water, and organic solvents (oils).
Here, we use air, water, silicone oil, and ethylene glycol (EG) to rep-
resent them. We denote fluid 1 is captured by the container in fluid
2 as “fluid 1 in fluid 2.” By proper wettability modification to keep
0123 < 90° (table S1), eight kinds of 3D fluid interfaces are prepared.
They are water in air, air in water, water in oil, oil in water, EG in
air, air in EG, EG in oil, and oil in EG, numbered from 1 to 8 in
Fig. 1F. The detailed preparation processes are displayed in movie S1.

Detailed design principles of the capillary container
Next, the cube container is taken as an example to demonstrate the
detailed design principle for flexible 3D fluid interface creation and

S12 = S13c086123 < 0 (1) manipulation. Assuming that the cube frame has a length of a, the
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Fig. 1. Schematicillustration of the 3D capillary container and basic principle for 3D interface creation. (A) The 3D capillary container consists of printed solid frame
and steel microbeads. Fluid 1 and fluid 2 are immiscible fluid pairs composed of water, gas, and organic solvents (oils). (B and C) Fluid replacement (B) and capture (C)
after the container moving from fluid 1 to fluid 2, which has the interfacial free energy of E; and E;, respectively. (D) Contact angle (61,3) of fluid 1 on solid 3 (solid frame)
in fluid 2. 612, 613, and o,3 are interfacial tensions of fluid 1-fluid 2, fluid 1-solid 3, and fluid 2-solid 3, respectively. (E) Scheme of the created interface between fluid 1 and
fluid 2 (S1,, marked with the red box) and the contact area between fluid 1 and solid 3 (S;3, marked with the gray box). (F) Images of the prepared eight kinds of immiscible
fluid interfaces, which are numbered from 1 to 8. For distinction, water is colored with blue edible dye, EG is colored with green edible dye, and the silicone oil is colored
with Sudan lll. Scale bars, T mm. Photo credits: Yiyuan Zhang, University of Western Ontario.
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edges are cylinders with a radius of r, and a > 2r (Fig. 2, A and B).
First, the capillary force should dominate the process in Fig. 1C,
namely, the scale of the free fluid interface created by the cube frame
(a — 2r) must be within the capillary length (37, 38)

a-2r < \/Glz/Aplzg (2)

where 61, is the interfacial tension of fluid 1 and fluid 2, Ap; is the
density difference between fluid 1 and fluid 2, and g is the accelera-
tion of gravity. Here, (a — 2r) is treated as the characteristic length
of the 3D fluid interface because it is in good agreement with the
experimental results. Second, the magnetic force (Fy) should over-
come the maximum resistance during the interface formation pro-
cess (Fig. 2C). Here, the friction resistance (Fy) is negligible owing to
the small friction coefficient between microbeads and the substrate.
Therefore, the force Fs in Fig. 2C from interfacial tension dominates

the resistance. On the basis of the experiments (movie S1) and the
3D simulation process of the interface formation (movie S2), it is
found that the maximum resistance approximates to 4ac;,, namely

Fyvcosp > 4aoy, (3)

where B is the angle between Fy; and the horizontal direction. Third,
for the cube frame, the geometry and wettability requirements in
Eq. 1 can be written as (section S2)

2 < 4 < 4nnacos ;3 + 2 (4)
where a is the wettability coefficient, suggesting the ratio of the
frame surface that is covered by fluid 1 and is equal to k/2x, and k is

the corresponding central angle of the arc length of fluid 1 contact-
ing with the cube frame edge (Fig. 2B). 1 is the surface roughness
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Fig. 2. Detailed design principles of the capillary container. (A) Fluid 1 (blue) is trapped inside of solid frame 3 (pink) and placed on solid surface 4 (purplish red) in fluid
2 (green). (B) Sectional view of solid frame 3 (pink) and fluid 1 (blue). (C) Transient state of container moving from fluid 1 to fluid 2. (D) Dependence of wettability coefficient
o on the contact angle 6,3 for water in air. (E) Effect of geometry parameters of the containers on 3D fluid interface creation for water in air. r is the frame rod radius. a is the
frame side length. The red line stands for the equation of a — 2r=2.7 mm. The upper and lower black lines are a/r=14.3 and a/r = 2, respectively. The triangle, circle, and cross
icons indicate stable, metastable, and failed 3D fluid interface creation, respectively. The blue region includes the safe geometry parameters for stable fluid interface creation.
(F) Demonstration of 3D interfaces of water in silicone oil created by cube containers of different sizes. (G) Display of 3D interfaces of water in silicone oil created by containers
with different geometries. Water was colored with blue edible dye for distinction. Scale bars, 1 mm. Photo credits: Yiyuan Zhang, University of Western Ontario.
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coefficient caused by 3D printing and is slightly larger than 1. The
lower bound of Eq. 4 ensures the internal space of the frame used to
create the 3D fluid interface, and the upper bound of Eq. 4 is de-
rived from the interfacial energy relationship (E; < E;) that needs to
be satisfied when using the cube frame to create a new 3D fluid inter-
face. Last, to eliminate the capillary effect between fluid 1 and the
substrate solid 4 (Fig. 2A), the wettability of the frame and solid 4
should be opposite, namely

9124 > 90° (5)

where 01,4 is the contact angle of fluid 1 on solid 4 in fluid 2.

In summary, to create the 3D fluid interface and manipulate it
on a substrate with the container, Egs. 2 to 5 should be satisfied.
Equation 3 is easy to achieve by increasing the number of steel
microbeads and magnetic field intensity. Meanwhile, we can readily
meet Eq. 5 through wettability modifications. Equations 2 and 4 are
closely related to the wettability and geometry of the frame. Taking
the cube container used for “water in air” as an example, we demon-
strate how to meet Eqs. 2 and 4. The parameter o in Eq. 4 is mainly
determined by the container’s wettability. To calculate its value, finite
element modeling (FEM) is applied to quantify the dependence of
o on the contact angle 0;,3 for water in air (fig. S4 and movie S3).
The calculated results are summarized in Fig. 2D, indicating that o
decreases from 1 to 0 as 0;,3 increases from 0 to 90°. o also deter-
mines the fluid volume that the container can capture, and the big-
ger o corresponds to the larger volume of the captured fluid. Given
that = 1.05, 823 = 18°, and the corresponding o is 0.98, the specific
equations (Egs. 2 and 4) of the cube container used for water in air
are a — 2r < 2.7 mm and 2.0 < a/r < 14.3 (section S2). These boundary
conditions are plotted in Fig. 2E; the blue area includes the safe geo-
metric parameters for creating the stable 3D fluid interface. To verify
this conclusion, cube containers with different r and a are used. The
experimental results are marked in Fig. 2E using distinct icons. The
triangle represents stable 3D interface creation, the circle means
metastable interface creation, and the cross indicates failed inter-
face creation (detailed in fig. S5). It suggests that the experimental
results agree with the theoretical analysis. After proper wettability
modification, the cube containers are also used to create 3D inter-
faces of EG in air, air in water, silicone oil in water, and water in
silicone oil. The experimental results are summarized in fig. 6, and
their blue regions share similar trends with Fig. 2E, which proves
that Eqs. 2 and 4 are applicable for many immiscible fluid pairs. On
the basis of these findings, 3D interfaces of water in silicone oil
(Fig. 2, F and G) and water in air (fig. S7) with diverse sizes and geo-
metries are created to prove the container’s feasibility with various
structures, and their flexible dynamic manipulation is realized using
a magnetic field (movie S4).

Multiple motion modes and dynamic manipulations

From a practical viewpoint, the magnetic-actuated capillary con-
tainer can be seen as a multifunctional microrobot system. The con-
tainer has the potential to trap specific cells, drugs, or microtissues
for cell transplantation (39, 40), tumor-targeting therapy (41), and
tissue engineering (42). Flexible manipulation of the container is a
critical step toward these goals. Hence, we studied how to steer the
container to fulfill various motion behaviors. Multiple motion modes
are realized by tuning the distribution of steel microbeads and the
magnetic field motion. The cube container that captured water in
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silicone oil is used to elaborate the influence of steel microbead dis-
tribution on the movement modes (Fig. 3). The container performs
a complex rotation and flipping motion (Fig. 3A and movie S5)
when only one steel bead is attached to the cube vertex. Under the
control of the magnetic field, the steel microbead is magnetized and
drives the container to rotate and flip on three sides around the
microbead (section S3). A simpler flipping motion is exhibited by
attaching two steel microbeads to adjacent vertices of the frame
(Fig. 3B and movie S6). In this case, the container always flips back
and forth regularly around the edge that is attached with steel
microbeads. In addition, the container can perform a single-axis
rotation around a cube edge when two steel microbeads are attached
to the cube diagonal vertices (Fig. 3C and movie S7). These motion
modes are useful to change the angle of view for the trapped object
observation. As the number of steel microbeads increases, the
degrees of freedom of the cube container decrease, and its motion
tends to be more stable and simpler. Thus, the container with four
steel microbeads attached to vertices of one cube face behaves in a
stable translation (Fig. 3D and movie S8). Their underlying mechani-
cal mechanisms are discussed in section S3.

The capillary container not only can be manipulated on the hori-
zontal surface but also can transport on the upright surface. The
antigravity transportation of a cube container loaded with water in
air is displayed in Fig. 3E and movie S9. Moreover, droplet release is
vital for many biomedical applications including biochemical sensing,
detection, and high-throughput screening (43). Here, we demon-
strate the droplet release (Fig. 3F) by designing the wettability dif-
ference between the container (0;,3) and solid surface (01,4). 0123 is
50°, and 01,4 is 10°. Therefore, the water can be released on the sub-
strate because of the wettability gradient (44). The water sampling
and releasing process is illustrated in movie S10. These multiple
motion modes and manipulations of the container would be promising
for many biotechnologies including cell delivery (39, 40), microbiology
observation and sorting (10), and precise targeting therapy (41).

Versatility in different fluids for microfluidics and

chemical applications

To demonstrate the feasibility of the capillary container in various
fluidic environments, we applied them in four kinds of immiscible
fluid systems to operate selective fluid collections and chemical re-
actions. With proper hydrophobization, the container can capture
gas bubbles in water (Fig. 4A and movie S11). Similarly, the hydro-
philic container is able to collect water droplets placed in silicone oil
(Fig. 4B and movie S12). These fluid interface manipulations open
potential practical applications in removing unnecessary bubbles in
microfluidic channels and selectively collecting target fluids in open-
space microfluidics. In addition, precise sampling, lossless liquid
reagents transport (45), and flexible droplet manipulation (46) in
different conditions are critical for analytical chemistry, biotechnology,
and disease diagnostic. Here, we performed three kinds of chemical
reactions with the container. Figure 4C depicts a catalytic reaction
in silicone oil, namely, the catalytic decomposition of H,O,. The
aqueous solutions of H,O, and ferric chloride were first placed in
the oil. A hydrophilic container was used to capture H,O, and
transport it into the FeCl; aqueous solution to perform the catalytic
reaction, which produced many oxygen bubbles and brown-red
iron hydroxide (movie S13). Likewise, the container can manipulate
oils in water. Figure 4D exemplifies an organic reaction in water.
First, bromine and styrene were dissolved in CCly and placed in water.
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Fig. 3. Dynamic manipulations of the capillary container. (A to D) Diverse moving modes of containers loaded with water in silicone oil with differentiated steel microbead
distribution. Scale bars, 1 mm. (A) Rotation and flipping around the microbead with only one steel microbead attached to the cube vertex. (B) Flipping back and forth
around one edge with two steel microbeads attached to vertices located at one cube edge. (C) Single-axis rotation with two steel microbeads attached to vertices located
at the cube diagonal. f; and F; represent the magnetic forces of the lower and upper steel microbeads in the magnetic field, respectively. (D) Translation movement with
four steel microbeads attached to vertices located at one cube face. F is the magnetic driving force; u is the translation velocity. (E) Antigravity transportation of a water
droplet on the upright hydrophobic surface. Scale bar, 2 mm. (F) Water droplet release on a surface in the air. The container captures a water droplet on the hydrophobic
part of the surface and then releases it on the hydrophilic zone of the surface. Scale bar, 4 mm. Water was colored with blue edible dye for distinction. Photo credits:

Yiyuan Zhang, University of Western Ontario.

A hydrophobic container was used to sample the orange Br,/CCly
and deliver it into styrene/CCly. The color soon faded because of the
addition reaction (movie S14). During these reactions, the contain-
er can rotate as a mixer to speed up the reaction. Besides, because
the containers can trap and store a certain amount of fluid, they are
useful for multistep reactions research, by carrying the product in
one step to the next step as a reactant (Fig. 4E and movie S15). First,
water was captured by a hydrophilic container and transported to
dissolve the CaCl, powder. Next, the CaCl, solution was transported
into the Na,COj solution and generated the calcium carbonate pre-
cipitation. Last, part of the CaCOj3 precipitation was carried into di-
lute hydrochloric acid for dissolution and generating CO, bubbles.
Such a remote manipulation mechanism will facilitate much chem-
ical reaction research that involves hazardous or toxic reactants or
products, and the under-liquid reaction manipulation will benefit
applications where air-sensitive reagents (47) are applied.

Zhang et al., Sci. Adv. 2021; 7 : eabi7498 18 August 2021

Liquid packaging and membrane preparation for drug
release study

As mentioned above, the capillary container can capture and store
liquid with a predesigned shape. Actually, it is more important to
preserve or freeze-in the shaped liquid interface for protecting and
isolating the material of interest (48-50). In the last part, we used
the container to achieve liquid packaging via the interfacial reaction
and explore its potential in drug delivery and release applications.
The basic liquid packaging process using the container is displayed
in Fig. 5A. First, a droplet of solution A is trapped by the container
and then immersed in solution B. The chemical reaction between
solution A and solution B such as interfacial polymerization or ge-
lation will solidify the fluid interface and form the membrane structure.
Thus, solution A can be encapsulated in the container developing a
stable “liquid core-membrane shell” structure. Here, the liquid
package is completed via the reticulation process between sodium
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Fig. 4. Versatility in different fluids for microfluidics and chemical applications. (A) Gas collection in water. A hydrophobic container is used to capture gas bubbles
(1 to 2 pl) distributed in a zigzag pattern in the water on hydrophobic glass. (B) Water collection in silicone oil. The hydrophilic container is used to collect blue edible
dye-colored water droplets (4 pl) placed in silicone oil on hydrophobic glass. (C) Catalytic reaction in oil. Liquids in the U-shaped grooves are water-dissolved with H,0,
(left, 200 ul) and FeCl; (right, 200 pl), respectively. A droplet of H,0,/H,0 is captured by the container and transported to FeCl3/H,0. (D) Organic reaction in water. Liquids
in the U-shaped grooves are CCly-dissolved with Br; (left, 200 ul) and styrene (right, 200 pl), respectively. The container traps a droplet of Br,/CCly and transports it to
styrene/CCl,. (E) Multistep reactions. The container captures a water droplet and uses it to dissolve the CaCl, powder; then, the CaCl,-dissolved droplet is transported
in NaCOs. After a short reaction time, the container traps part of the generated CaCOs precipitation and transports it in the dilute hydrochloric acid. Scale bars, 2 mm.

Photo credits: Yiyuan Zhang, University of Western Ontario.

alginate and CaCl,. Moreover, a free-standing 3D membrane struc-
ture is obtained after the core liquid drying as shown in Fig. 5B. With
the critical point drying method, the membrane structures can be
preserved. As the scanning electron microscopy (SEM) images
(Fig. 5, C and D) show, the membrane exhibits a porous network
structure, with a pore size of about 50 nm. A variety of free-standing
3D membrane structures (Fig. 5E) were prepared using containers
with diverse geometries. These dry membranes can be rehydrated
after soaking in water, and the semipermeable membrane will per-
mit jons and water molecules to reenter the container. For practical
applications, the encapsulation function of the capillary container
can be used to package bioactive proteins, enzymes, or microorganisms

Zhang et al., Sci. Adv. 2021; 7 : eabi7498 18 August 2021

for the research of protein functional control (51), biocatalysis (52),
or probiotic bacteria (53), and these bioactive objects can be freeze-
dried and preserved in the container for storage and transportation.
Meanwhile, it is convenient to reactivate them when needed.

To visualize the substance release across the membrane, we colored
the CaCl, solution with red edible dye. The slow dye release process
is illustrated in Fig. 5F. The color gradually fades with time and be-
comes colorless after 4 hours. The dye release processes without and
with liquid packaging are compared. The former displays a quick
diffusion and mixing process, while the latter shows a slow-release
process (movie S16). Next, we take riboflavin (vitamin B;) as an
example to demonstrate the drug release application. Riboflavin is
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Fig. 5. Drug release application with the capillary container. (A) Schematic diagram of the liquid packaging process. A droplet of solution A is first captured by the
container and then immersed in solution B. The interfacial reactions between solution A and B will solidify the fluid interface and form a membrane; then, solution A is
packaged in the container. (B) A free-standing 3D membrane structure was obtained after the core liquid drying. Scale bars, 1 mm. (C and D) SEM images of the membrane
after critical point drying. Scale bars, 4 um (C) and 200 nm (D). (E) Diverse free-standing 3D membrane structures obtained using containers with different geometries
after core liquid drying. (F) Slow red edible dye release process in water after package by the cube container. Scale bars, 1 mm. (G) Release profiles and theoretical fitting
curves of riboflavin packaged in the icosahedron containers in distilled water with different pH. The insets in the figure show the SEM images of the membranes treated
with critical point drying after drug release in distilled water with different pH. Scale bars, 100 nm. Photo credits: Yiyuan Zhang, University of Western Ontario.

an indispensable vitamin for maintaining the body’s energy supply
and is vital in treating diseases including migraines, corneal dis-
orders, and homocysteinemia. Riboflavin is first dissolved in the
CaCl, solution and then packaged in the icosahedron containers
using interfacial gelation. The dynamic release of the packaged
riboflavin was studied in distilled water with different pH at room
temperature. The release profiles are illustrated in Fig. 5G. It sug-
gests that the release rate and equilibrium concentration increases
with the decrease of pH. The growing release rate is induced by the
reduced membrane thickness and increased porosity and pore size
because the hydrogel membranes shrink and are partially hydro-
lyzed by proton exchange in acidic solution (54-56). To verify these
changes, we compared the transmittance of the wet membranes under
natural light (fig. S8). It shows that their transmittances increased
with pH decreasing, reflecting their diminished thickness. Besides,

Zhang et al., Sci. Adv. 2021; 7 : eabi7498 18 August 2021

after the drug release, the 3D hydrogel membranes were treated
with critical point drying for SEM imaging. It is proved that there is
a remarkable increase in porosity and pore size of the hydrogel
membranes with decreasing pH (insets in Fig. 5G and fig. S9).
Theoretically, the icosahedron containers can be simplified and ap-
proximated to a homogeneous sphere, so the release kinetics can be
analyzed by fitting the experimental data with a sphere diffusion
model as follows (57)

G = Ceq(1 = krexp(—ka(t - 10))) (6)
where C; is the riboflavin concentration in the bulk solution after
time £, Ceq is the equilibrium concentration of riboflavin in the bulk
solution, k; is a constant related to the ratio of the volumes of solution
and sphere, and k; is a constant related to the diffusion constant Dp,.
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By fitting the experimental data with the theoretical model, the val-
ue of Ceq and Dy, is determined (table S2), and both Cq and D, in-
crease with the decreasing pH, agreeing well with the experiments.
Our results suggest that the capillary container is anticipated to be a
versatile platform to perform efficient liquid packaging, delivery,
storage, and 3D membrane production, which offers promising
routes for encapsulation, lab-in-a-drop, delivery vehicles, and bio-
chemical reactors.

DISCUSSION

In conclusion, we have developed a multifunctional magnetic-actuated
capillary container to achieve structured 3D fluid interface creation
and flexible manipulation for various applications. The wettability
and geometry of the container dominate the type, size, and shape of
the created fluid interface; steel microbead distribution and mag-
netic field motion govern its moving behaviors including flipping,
rotation, and translation. With proper wettability difference design,
the liquid release is also realized. Moreover, we elaborated the uni-
versality and effectiveness of the container with a sequence of ex-
periments including selective fluid collection and chemical reaction
manipulations in different immiscible fluid systems. The container
is also effective in miscible fluids, making it feasible to do liquid
packaging via interfacial gelation for drug release study. We envis-
age that this multifunctional magnetic-actuated capillary container
could help unravel the mechanisms of numerous fundamental fluid
interfacial processes and contribute to applications involving fluid
sampling, transport, mixing, release, storage, and packaging.

Compared with conventional microfluidics, the capillary con-
tainer has some distinctive advantages in fluid handling and biolog-
ical applications. (i) The capillary container is easy to manufacture
and use, eliminating bubble trapping and clogging problems. (ii) It
is suitable for studying large biological samples, such as multicellular
spheroids and tissue sections, without destroying their spatial struc-
tures. (iii) Once the target samples are captured by the capillary
container, they can be regarded as an independent research unit
and can be operated independently. The unit can be flexibly trans-
ported, rotated, flipped, released, stored, and packaged according to
specific needs. (iv) Biological samples in the capillary container can
directly contact the fluid of interest and can be selectively stimu-
lated with biophysics or biochemistry factors. Samples of interest
can be selectively extracted for analysis. (v) The capillary container
can create a stable 3D fluid interface, thereby providing a platform
for the research of biological fluid interface problems, such as
respiratory toxicology research. Besides, compared with usual open
microfluidic strategies, the capillary container is user-friendly and
extensible, does not require complex and expensive equipment, and
can be easily customized for different needs.

Our findings also provide ample inspiration for expanding the
container’s applications into other fields. Starting from the change
of structure and composition of the container, many works can be
done in the future. If we printed the frame with biocompatible
materials, the container could be used in vivo. Combined with
high-resolution printing and magnetic coating, microscale magnetic-
actuated capillary containers can be fabricated and could find appli-
cations in microfluidics or blood vessels to do targeting operations.
It is also possible to produce intricate frame structures to imitate
natural complex 3D fluid interfaces, which would pose opportuni-
ties to address long-standing conundrums such as lung function
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(58), cell signaling (59), and cell division (60). Furthermore, plentiful
biomedical applications will emerge from the integration of the
membrane and the container by interfacial reactions. The packaged
container creates a stable inner environment that isolates the materials
of interest from the external environment but will not block their
interaction with a permeable membrane. This structure would open
promising avenues for bioactive material encapsulation including
enzymes, vaccines, antigens, hormones, proteins, cells, tissues, and
even mini organs to fulfill various needs in biomedicine (42, 51, 52).
Besides, functionalization of membrane, frames, or liquid contents
of the container with stimuli-responsive materials such as quantum
dots or smart polymers would open new routes for next-generation
clinical therapy using microrobots.

MATERIALS AND METHODS

Preparation of the magnetic-actuated capillary container
The magnetic-actuated capillary container consists of a 3D printed
solid frame and steel microbeads. All solid frames are printed with
an Asiga Freeform Pico 2 printer using the commercial resin
PlasCLEAR V2. The steel microbeads have a diameter of 500 um
and were attached to the vertices of printed polyhedral frames with
the superglue. The container is manipulated by a homemade mag-
netic control system. Magnets were placed on a motorized precise
translation stage, which is a part of a commercial laser engraving
machine. The stage can drive the magnet to move in a prescribed
path defined in the path planning software of the machine. The moving
direction and speed can be precisely adjusted. Multiple motion modes
such as translation, reciprocating movement, and rotation can be
easily achieved.

Surface modifications

Two different surface modifications were applied to the capillary
containers for the manipulation of various fluids. To obtain the hydro-
philic wettability, containers were treated with the ultraviolet (UV)/
ozone cleaner at 60°C for 2 hours. After the hydrophilic treatment,
the hydrophobic containers were obtained by modifying the hydrophilic
containers with 1H,1H,2H,2H-perfluorodecyltrimethoxysilane using
chemical vapor deposition at 90°C for 3 hours. Hydrophobic glass
substrates were obtained by the same treatment. The wettability can
be varied by adjusting the temperature and times.

Liquid preparation for fluid interface manipulation

and chemical reactions

In Fig. 1, the water droplets captured in the containers are pure water
mixed with blue edible dye in a volume ratio of 100:1. The EG droplets
are EG-colored by a green edible dye with a volume ratio of 100:1.
The captured silicone oil is added with Sudan III in a concentration
0f 0.01 M. The H,0,/H,0 solution used in Fig. 4C is 30% hydrogen
peroxide solution, and the concentration of the FeCl3/H,O solution
is 0.1 M. The concentrations of the Br,/CCl, and styrene/CCly solu-
tion in Fig. 4D are 0.1 M. In Fig. 4E, the liquids used are pure water,
0.1 M Na,COs3, and 0.1 M HCl solutions.

Liquid packaging and membrane preparation for drug
release study

The concentrations of CaCl, and sodium alginate solutions used in
Fig. 5 for liquid packaging are all 1 wt %. To get the 3D membrane
structure in Fig. 5 (B and E), the CaCl,-loaded containers with
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different geometries were dripped into the sodium alginate bath for
2 min. They are then put on a hydrophobic glass sheet and dried
naturally in the air after washing twice with distilled water. To
obtain a green-colored membrane, the CaCl, and sodium alginate
solutions are colored by a blue and yellow edible dye with a volume
ratio of 100:1, respectively. For the slow-release process displayed in
Fig. 5F, the red dye-colored CaCl, droplet was first captured by the
cube container, then dripped into the sodium alginate bath for
1 min, and washed with distilled water. Next, after stabilizing in
the CaCl, solution for 1 min, the membrane-packaged container
was put in 120 ml of water to show the slow process of dye release.
The release of riboflavin shown in Fig. 5G was carried out using
the Varian Cary 100 Bio UV-Vis Spectrophotometer. Riboflavin
(5 mg/100 ml) was first dissolved in the CaCl, solution. The icosa-
hedral containers were dripped into the riboflavin dissolved CaCl,
solution and then taken out; every container was filled with the
solution by capillary force. Next, the drug-loaded containers were
dripped into the sodium alginate bath near the liquid surface under
stirring for 10 min. After washing with distilled water, they were
rinsed in CaCl, solution for 10 min to stabilize the hydrogel mem-
brane. Later, three batches of the same number of the packaged
containers were placed into 20 ml of distilled water with pH of 1, 4,
and 7 after washing twice with distilled water. HCI (1 M) was used to
prepare the water solutions with pH of 1 and 4. At scheduled
time intervals, the amount of released riboflavin was determined
from solution absorbance at 444-nm wavelength. After the riboflavin
release profile data collection, membranes on the containers were
treated with critical point drying using K850 Critical Point Dryer
with CO,. Ethanol was used as the solvent during the dehydra-
tion. The microstructures of the dried membranes were character-
ized by SEM.

Numerical simulation

The 3D water-air fluid interface formation (movie S2) was simulated
by the pseudopotential two-phase lattice Boltzmann method. The
computational domain sizes are 12 mm X 6 mm X 6 mm and 12 mm
X 9 mm x 9 mm, respectively, while water is occupied from 2 to
12 mm in the x direction. Cube containers with two different sizes
are immersed in water with a constant contact angle of 30°. The
center of the cube container locates at 5 mm along the central line of
the x axis. The side lengths of the cube container are 2.0 and 3.5 mm,
respectively, while their diameter is the same as 300 um. The left
side of the computational domain is set as stationary, while the right
is given a constant velocity vo. The remaining four sides are set as
periodic. Gravity is given in the x direction. Instead of moving the
cube container out of the water as in the experiment, we move the
water by giving the velocity vy at the right side of the domain. To
model the slow movement of the container physically, we only let
the water move 0.5 um per iteration in the simulations. When the
container is moving from water to air, water in the small container
is captured, while water in the larger container is replaced by air.
The smaller container makes a higher capillary force, which is strong
enough to balance the gravitational force. The FEM simulations of
the creation of water-in-air interface with the container (movie S3)
were performed using COMSOL Multiphysics 5.4. The two-phase
flow and phase-field module were used. The moving mesh was set
at a velocity of 1 mm/s. The contact angle of water on the solid frame
(B123) varies from 0° to 90°, and the corresponding o is calculated, as
shown in fig. S4 and Fig. 2D. The 2D model was used for simplifications.
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It suggests that o decreases with the increase of 6,3, and the cap-
tured fluid volume also reduces.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabi7498/DC1
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