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Redox signaling by glutathione peroxidase 2 links vascular 
modulation to metabolic plasticity of breast cancer
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In search of redox mechanisms in breast cancer, we uncovered a striking role for glu-
tathione peroxidase 2 (GPx2) in oncogenic signaling and patient survival. GPx2 loss 
stimulates malignant progression due to reactive oxygen species/hypoxia-inducible factor 
1-alpha/VEGFA signaling, causing poor perfusion and hypoxia, which were reversed by 
GPx2 re-expression or HIF1α inhibition. Ingenuity Pathway Analysis revealed a link 
between GPx2 loss, tumor angiogenesis, metabolic modulation, and HIF1α signaling. 
Single-cell RNA analysis and bioenergetic profiling revealed that GPx2 loss stimulated 
the Warburg effect in most tumor cell populations, except for one cluster which was 
capable of oxidative phosphorylation and glycolysis, as confirmed by discrete co-expres-
sion of phosphorylated AMPK and GLUT1. These findings underscore a unique role for 
redox signaling by GPx2 dysregulation in breast cancer, underlying tumor heterogeneity, 
leading to metabolic plasticity and malignant progression.
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HIF1α | VEGFA | angiogenesis | oxidative phosphorylation | glycolysis | scRNA-seq | metabolic 
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Tumor cell hyperproliferation results in cell crowding causing nutrients and oxygen dep-
rivation, leading to hypoxia (1). To meet the energetic demands of cancer cells, mito-
chondria consume the cellular oxygen, resulting in oxidative phosphorylation, leading to 
reactive oxygen species (ROS) production (2).

While low to mild ROS levels promote oncogenic signaling and malignancy, high levels 
of ROS cause DNA damage and apoptosis (3, 4), an effect that is often co-opted by 
chemotherapy or radiation to target cancer cells (5). Tumor cells evade ROS cytotoxicity 
by increasing the expression of antioxidant enzymes such as superoxide dismutase, peri-
odoxin-theriodoxin, catalases, and glutathione peroxidases (6, 7), which generally convert 
hydrogen peroxide produced by mitochondrial electron leak into water using glutathione 
(8).

ROS are known to stimulate oncogenic signaling with special emphasis on hypoxia-in-
ducible factor 1-alpha (HIF1α). ROS stabilize HIF1α protein via inhibition of the oxy-
gen-sensing propyl hydroxylase protein D (PHD), which normally marks HIF1α for 
proteasomal degradation (9, 10). HIF1α promotes malignancy via effects on tumor angi-
ogenesis, proliferation, epithelial-to-mesenchymal transition, stemness, and glucose metab-
olism (1, 11). HIF1α stimulates VEGFA gene transcription which promotes angiogenesis, 
thereby increasing nutrient availability and oxygen supply to hypoxic tumor areas (12, 
13). Paradoxically, VEGFA overproduction may also cause vascular malfunction, resulting 
in immature or poorly perfusing vessels, thereby exacerbating hypoxia (14). This further 
stabilizes HIF1α protein, which shifts cells from oxidative phosphorylation (OXPHOS) 
to aerobic glycolysis, known as the Warburg effect (12, 15). While OXPHOS generates 
high levels of ATP as compared to glycolysis, tumor cells leverage glucose metabolism to 
generate building blocks for biomass biosynthesis (16). However, aggressive cancer cells 
were also shown to be able to use OXPHOS and glycolysis, which might be necessary to 
survive under hypoxic and aerobic conditions that can be encountered at the primary 
tumor, in circulation, or at metastatic sites (17, 18).

A comparison of carcinoma cell lines derived from the polyoma middle T (PyMT) 
mammary tumor model unraveled a dramatic downregulation of glutathione peroxidase 
2 (GPx2) in metastatic relative to non-metastatic cells from the parental tumor. Moreover, 
the loss of GPx2 in several molecular breast cancer (BC) subtypes was correlated with 
poor patient survival, underscoring the clinical significance of GPx2 loss in BC. GPx2 
knockdown (KD) in murine and human BC cells stimulates ROS/HIF1α/VEGFA sign-
aling which enhanced malignant progression via vascular modulation, resulting in poor 
perfusion, hypoxia, and a shift from OXPHOS to aerobic glycolysis (the Warburg effect). 
Transcriptomic analysis of scRNA-seq data and bioenergetic profiling confirmed that 
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(GPx2) in breast cancer cells 
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(ROS), thereby activating hypox-
ia-inducible factor 1-alpha (HIF1α) 
signaling. This in turn causes 
vascular malfunction, resulting in 
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aerobic or hypoxic conditions, a 
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exploited for therapeutic 
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redox-based strategies.
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Metamaterials are artificial materials that can achieve unusual properties through
unique structures. In particular, their “invisibility” property has attracted enormous
attention due to its little or negligible disturbance to the background field that avoids
detection. This invisibility feature is not only useful for the optical field, but it is
also important for any field manipulation that requires minimum disturbance to the
background, such as the flow field manipulation inside the human body. There are
several conventional invisible metamaterial designs: a cloak can isolate the influence
between the internal and external fields, a concentrator can concentrate the external
field to form an intensified internal field, and a rotator can rotate the internal field by
a specific angle with respect to the external field. However, a multifunctional invisible
device that can continuously tune across all these functions has never been realized due
to its challenging requirements on material properties. Inside a porous medium flow,
however, we overcome these challenges and realize such a multifunctional metamaterial.
Our hydrodynamic device can manipulate both the magnitude and the direction of
the internal flow and, at the same time, make negligible disturbance to the external
flow. Thus, we integrate the functions of the cloak, concentrator, and rotator within
one single hydrodynamic metamaterial, and such metamaterials may find potential
applications in biomedical areas such as tissue engineering and drug release.

hydrodynamic metamaterial | multifunctional metamaterial | cloak | concentrator | rotator

Transformation theory (1, 2) is a powerful and mature technique to achieve fabulous
material properties by designing metamaterials (3, 4), which are a type of artificial
materials whose unusual functions originate from their unique structures rather than
their compositions. The theory predicts that once the dominant equation of a transport
process is invariant under a certain coordinate transformation, one can tailor the
medium’s transport parameters with the coordinate transformation (5–11) to achieve
a desirable propagation of the corresponding physical field. Although the theory
was first proposed for the design of an optical cloak (1, 2), it provides a general
framework for various metamaterials in many different physics fields (12), including
microwaves (5, 9, 13), acoustic waves (14, 15), elastic waves (16), thermal conduction(17–
26), and hydrodynamic flows (27–30).

Besides the invisibility cloak, there are many other typical and mature metamaterial
designs, such as the concentrator (26, 29) that can concentrate the external field
and increase the magnitude of the internal field and the rotator (13, 30) that can
rotate the internal field’s propagation direction with respect to the background field.
Moreover, these devices make no disturbance to the external field, which means that
similar to the cloak, they are also “invisible” to the detection of the field change.
These conventional metamaterials share one common feature: one function corresponds
to one specific structure, which limits their applications to multifunctional tasks. To
overcome this limitation, therefore, the intelligent, reconfigurable and programmable
metamaterials have become an active research field in recent years (31–36). According to
the transformation theory, the cloak, concentrator, and rotator are achieved by applying
compression, extension, rotation, and their combinations to the original coordinate
system. Previous studies have shown that all the above transformations can be achieved
by alternatively arranging distinct structures with specific patterns (19, 20, 26, 28–
30), which implies the possibility of integrating all these functions into one single
device and conveniently regulating both the internal field’s magnitude and direction. If
experimentally realized, convenient switching among different functions will make such
a device a powerful multifunctional field-regulating apparatus.

However, despite the pioneering attempts for the physical fields dominated by the
Laplace equation (24, 26), they either cannot achieve continuous adjustment or the
design parameters are too challenging for experimental realization. As a result, such a
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multifunctional metamaterial device has never been experimen-
tally realized for any physical field. The main difficulty is that
the design requires a massive variation in the transport properties
of metamaterials, typically several orders of magnitude, which
is difficult to achieve experimentally. In addition, a perfect
impendence match between the device and the background
environment is required, which is also challenging. Due to
the lack of continuous tunability across a broad range of
normal materials’ transport properties, such a multifunctional
metamaterial has never been realized.

In hydrodynamics, metamaterials with multiple functions have
potential applications in hydrodynamics and microfluidics, as
well as in biomedical areas (37). In particular, with the recent
development in micro/nano-devices, the exciting idea of placing
biocompatible devices into the human body becomes more and
more feasible. Considering the complexity of the human body, in
which cells and protein fibers are distributed everywhere, in many
locations, this environment can be regarded as liquid flow inside
a porous medium. For example, various organs and tissues such
as lungs, livers, mammary glands, and bones can all be considered
porous media. However, the first crucial issue before we put any
device into our body is, apparently, to make sure that they make
no disturbances to the original flow and the essential functions of
the body. Therefore, developing hydrodynamic multifunctional
metamaterials that can manipulate the flow field inside a porous
environment, and at the same time make negligible disturbance
to the background, is a promising topic for the biomedical area
(see Discussions for more details).

Here, we realize it in the fluid flow of a porous medium.
Due to the low Reynolds number in a porous medium, the
Navier–Stokes equation can be simplified into Darcy’s law, which
is in the form of the Laplace equation with the permeability
being the dominant transport parameter. Because the Laplace
equation maintains its form invariance under various coordinate
transformations, we can apply the transformation theory to
design hydrodynamic metamaterials in a porous medium (27),
and all the mature designs such as the cloak, the concentrator, and
the rotator can be applied to the hydrodynamic system described
by Darcy’s law. With the progress in 3D printing (31, 38)
and the optical lithography, one can conveniently construct
an artificial porous-medium device with desirable permeability.
Thus, the fluid flow in a porous medium provides unprecedented
design freedom for metamaterials. Moreover, because of the
sensitive permeability–porosity relationship, the adjustment in
permeability by several orders of magnitude can be practically
achieved by tuning the porosity of porous media. By tailoring the
spatial distribution of porosity and permeability in the material,
one can integrate different functions within one system and
experimentally realize the multifunctional metamaterial.

In this study, we theoretically design and experimentally realize
such a multifunctional metamaterial device, which integrates the
functions of the cloak, concentrator, and rotator within one
single system. Theoretically, we associate the Laplace equation’s
solutions with the anisotropic permeability tensor and apply the
effective medium theory to design the structure. Experimentally,
we build the hydrodynamic device in both the microfluidic and
macroscopic scales through optical lithography and 3D printing
and then verify these functions with the fluorescence microscopy
measurement.

1. Theoretical Analysis

We assume an incompressible and stationary flow with a small
Reynolds number,Re = ρul/µ0 � 1, whereρ, u, andµ0 are the

density, flow speed, dynamic viscosity of the fluid, respectively,
and l is a characteristic linear dimension. Under this condition,
the Navier–Stokes equation reduces to the Stokes equation, and
in a porous medium, it further reduces to the Brinkman–Stokes
equation:

µ∇2
Eu = ∇P + µ0k−1

Eu. [1]

Here, Eu is the velocity vector, µ is the effective viscosity of the
flow in a porous environment, and k is the permeability, which
is a rank-two tensor determined by the distribution of pores. For
a small permeability, its magnitude k � l2 and the term on
the left-hand side is much smaller than µ0k−1

Eu and negligible;
thus, the equation is simplified to Darcy’s law, and due to the
continuity equation ∇ · Eu = 0, we finally get Darcy’s pressure
equation:

∇k∇P = 0. [2]

This equation is in the form of the Laplace equation, which is
invariant under various coordinate transformations. Hence, the
transformation theory can be employed to design hydrodynamic
metamaterials in a porous medium. There are three typical
and mature metamaterial designs based on the transformation
mapping theory: the cloak, the concentrator, and the rotator.
One common property of all three is their ability to manipulate
the internal field inside a shell without disturbing the background
external field (12). It is achieved by tailoring the local transport
property of the shell while at the same time matching its overall
transport effect with the background. Because the dominant
control parameter in the porous medium is the permeability
tensor k, we need to match the background permeability k0
(assumed homogeneous and isotropic) with the shell’s effective
permeability ke, i.e., ke = k0. Under this condition, the shell’s
existence essentially makes no disturbance to the external flow
field, and the shell is “invisible” to the background flow.

For a shell-shaped device, the entire space can be divided into
three regions: the region inside the shell is denoted as region
I, the shell itself is denoted as region II, and the region out
of the shell is denoted as region III (see Fig. 1A). Regions
I and III are homogenous and isotropic porous media, while
region II is the functional region under our design. Due to the
rotational symmetry, it is convenient to express the permeability
with the polar coordinate (r, θ ). The permeability tensor in
different regions is written as kj = R diag(kr,j, kθ ,j)R−1, where
j = 1, 2, and 3 indicates that regions I, II, and III, respectively,R
is the rotation matrix, and diag(kr,j, kθ ,j) is a diagonal matrix with
the diagonal elements kr,j and kθ ,j. Here, kr,j and kθ ,j are the radial
and tangential permeability with kθ ,1 = kr,1 = kθ ,3 = kr,3 = k0.
To match the shell’s overall effective permeability ke,2 with the
background, we have ke,2 =

√
det k2 =

√
kr,2kθ ,2 = k0, such

that in all three regions, kr,jkθ ,j = k2
0 is valid.

Suppose that the flow goes from the left to the right boundary
with a pressure difference P0, at the top and bottom boundaries,
the no-slip condition is satisfied (Darcy’s law does cause a small
correction to the no-slip boundary condition, but it is negligible
in most practical situations (39–41)), and L is the dimension
of the system in the flow direction along the x axis. With
these boundary conditions and the continuity of pressure and
velocity at the interface of different regions, the solution of
Darcy’s pressure equation can be obtained in the polar coordinate
(SI Appendix, for details):
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P1 = −
P0

L

(a
b

)h−1
r cos θ ,

P2 = −
P0

L

( r
b

)h−1
r cos θ ,

P3 = −
P0

L
r cos θ ,

[3]

where P1, P2, and P3 are the pressure distributions in regions I,
II, and III, h =

√
kθ ,2/kr,2, and a and b are the inner and outer

radii of the shell, respectively, with a < b. Due to the isotropic
permeability, the flow’s velocity in regions I and III along the
x axis depends only on the pressure gradient vx,j = k0dPj/dx.
Thus, the ratio between the internal and external flow’s velocities
is vx,1/vx,3 = (a/b)h−1, which is determined by the parameters
a, b, and h.

When h = 1, P1, P2, and P3 have the same ex-
pression, and the shell is completely transparent with re-
spect to the background flow: The entire system can
be regarded as a homogenous and isotropic porous
medium. When h < 1, vx,1/vx,3 = (b/a)1−h > 1,
and the velocity of the internal flow is greater than that of
the external flow. When h > 1, vx,1/vx,3 = (a/b)h−1 < 1,
and the internal flow is smaller than the outer flow. Besides
the magnitude, the rotation matrix R adds another degree of
freedom in manipulating the internal flow’s direction. Therefore,
by designing a proper shell permeability k2 with an effective
permeability ke,2 matched to the background permeability k0, we
can control both the magnitude and the direction of the internal
flow while making no disturbance to the external flow.

To realize this goal, we use a chessboard-like design with two
different porous media as two basic building blocks, as shown in
Fig. 1B. When zoomed in, this design is anisotropic with two
different building blocks specifically designed to realize different
functions. When zoomed out, the entire design can be treated
as a whole with an effective permeability determined by the
geometrical mean of the two building blocks, which can be tuned
to match the background. This is known as Keller’s theorem for
physical fields satisfying the Laplace equation (25). Starting from
the Cartesian coordinate in the left panel of Fig. 1B, we construct
the system with two square building blocks, A and B, and the
overall effective permeability is ke =

√
kAkB, with kA and kB

being the individual permeability of each building block. We
then transform the coordinate into the polar system to realize
our shell device, as shown in the right panel of Fig. 1B. Each
square building block now transforms into an annular block.
Across each annular block, the phase changes by a constant 1ϕ
in the azimuthal direction. In the radial direction, we have the
relation ln ri+1 − ln ri = 1ϕ with i labeling the ith layer: This
relation comes from the equality between the horizontal and
vertical sides of each square in the Cartesian system before the
transform. Therefore, we get the effective permeability:

ke,2 =
√

det k2 =
√
kr,2kθ ,2 =

√
kAkB. [4]

Next, we realize the functions of the cloak, concentrator, and
rotator with this chessboard design.

If the permeability is isotropic and homogeneous within
each building block, we will get k2 = diag(kr,2, kθ ,2) =
diag(
√
kAkB,

√
kAkB) and thus h = 1: The device is trans-

parent with respect to the background flow. To realize var-
ious functions, therefore, an anisotropic design within each
block is required. For the cloak design in Fig. 1C, the two
anisotropic building blocks can achieve the permeability tensor:
k2 = diag(

√
kAkB/C, C

√
kAkB) with C a constant coefficient

determined by the degree of diagonal anisotropy. When C > 1,
we get h =

√
kθ ,2/kr,2 = C > 1, and the shell’s tangential

permeability is larger than its radial permeability. As a result, the
flow tends to go around the device along the tangential direction
rather than penetrate through it radially, which is essentially a
cloak. The finite element simulations in Fig. 1 F and I on the
right show the corresponding flow and pressure fields, which
demonstrate a nice cloak performance. Note that the overall
effective permeability of the shell is ke,2 =

√
kAkB = k0, which

matches the background and ensures the straight streamlines
outside the device.

To realize the concentrator, we fix the odd-number layers and
rotate the even-number layers by 1ϕ and get the configuration
in Fig. 1D. The tangential and radial permeabilities now become
kθ ,2 = 2kAkB/(kA + kB) and kr,2 = (kA + kB)/2, respectively.
Hence, we get h =

√
kθ ,2/kr,2 =

√
4kAkB/(kA + kB)2 < 1

and thus vx,1/vx,3 > 1, as well as ke,2 =
√
kAkB = k0. As

a result, the device behaves as a concentrator with a higher
internal velocity than the background and simultaneously makes
no disturbances to the background. The simulations of flow
and pressure fields in Fig. 1 G and J verify the concentrator
performance unambiguously.

For a rotator, we progressively rotate each layer of Fig. 1D
with an angle α to reach the configuration in Fig. 1E. Now, a
rotation matrix is introduced to the permeability tensor, k2 =
Rdiag(kr,2, kθ ,2)R−1. This operation does not change the overall
effective permeability but only rotates the flow’s direction with an
angle α ·

∑n−1
i=1 ri/b, with n being the total number of layers. The

simulation results in Fig. 1 H and K demonstrate a nice rotator
performance. To summarize, theoretically we have integrated the
functions of the cloak, concentrator, and rotator within one single
device, and next, we will numerically and experimentally realize
this powerful device.

2. Numerical Design

The previous theoretical analysis is valid for all physical fields
described by the Laplace equation, such as the pressure field of
hydrodynamic flow in a porous medium, the temperature field in
thermal conduction, and the electrical potential in DC electrical
conduction. However, due to the challenging requirements for
material properties, the multifunctional metamaterial has never
been realized experimentally. In this section, we numerically
design a practically achievable device for the flow field inside
a porous medium, as illustrated below.

Using our “shell-shaped chessboard” scheme, we can in
principle manipulate the internal flow in both magnitude and
direction. Correspondingly, two tuning modes between different
layers are required: taking the perfectly aligned configuration
in Fig. 1D as the reference, we can either progressively rotate
an angle α in every layer to tune the flow direction (see Fig.
1K inset) or simultaneously rotate an angle β in every other
layer to manipulate the flow magnitude (see Fig. 1L inset). To
achieve better functionality, the direction and magnitude should
be adjusted as much as possible and as accurately as possible:
This requires a large enough layer number n and a small enough
building block’s azimuthal angle 1ϕ. However, too many layers
and too small building blocks are both practically unfavorable. To
balance all requirements, we design a device with n = 9 layers
and 1ϕ = 18◦ (20 blocks per revolution), as demonstrated
in Fig. 2A. Although this design makes the device not orders
of magnitude larger than the pore level and thus not strictly
following Darcy’s law, we verify that its performance agrees well
with the theoretical prediction.
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Fig. 1. (A) The schematic graph of a shell-shaped device with inner and outer radius a and b, respectively. The entire space is divided into three regions by the
shell. (B) The ‘chessboard’ design based on two building blocks. The left panel shows the design in Cartesian coordinate with two building blocks denoted by
black and yellow colors. The right panel shows the shell-shaped chessboard device in polar coordinate. (C–E) The configurations of the cloak, concentrator, and
rotator. (F–H) The corresponding flow fields of the three devices on the left. Apparently, the cloak exhibits an inner velocity near zero, the concentrator exhibits
an inner velocity higher than the background, and the rotator exhibits a significant rotation in the flow direction. At the same time, the outer streamlines remain
horizontal and straight, indicating little disturbance from the device. (I–K) Corresponding pressure fields consistent with our expectation.

The entire system is shown in the left panel of Fig. 2A. An
isotropic and homogeneous porous medium fills up the space
inside (region I) and outside (region III) of the shell device:
This medium is formed by pillars with diameter d = 2 and
interspacing s = 3. The shell device has an inner radius a = 30
and outer radius b = 63.4 (no exact length dimensions here to
give the scalable freedom according to actual needs). As proved
previously, the chessboard device requires two distinct anisotropic
building blocks A and B, which should be designed as simple
as possible for practical convenience. As shown in the right
panel of Fig. 2A, building block A is made by only two pillars
and B is simply formed by three annular bricks. However, these

simple building blocks can achieve multifunctions with very little
disturbance to the external flow field.

To demonstrate it, we inspect the tuning power in velocity
magnitude between inner (region I) and outer (region III)
flow: vx,1/vx,3 = (a/b)h−1, which is determined by h =
kθ ,2/kr,2. Here, kθ ,2 and kr,2 are the overall azimuthal and radial
permeability of the entire shell (region II). With our design in
Fig. 2A the right panel, we can easily achieve 0.46 < h < 3.18
by turning corresponding layers, which realizes an adjustment in
the velocity magnitude of 0.2 < vx,1/vx,3 < 1.5. To realize such
an adjustment, the effective medium theory predicts a variation
over two orders of magnitude between the largest and smallest
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Fig. 2. (A) The exact design of the shell-shaped chessboard device. The homogeneous porous medium is formed by pillars with diameter d = 2 and spacing
s = 3. The shell has nine layers composed by two anisotropic building blocks, A and B. The right panel shows the detailed structures of A and B. (B–D) Cloak,
concentrator, and rotator. (E–G) Corresponding flow fields. (H–J) Corresponding pressure fields. (K) A continuous rotation across 120◦ achieved by our rotator
(−60◦ < � < 60◦). Inset shows the tuning angle � in each layer. (L) The velocity magnitude adjusted across one order of magnitude. The maximum corresponds
to concentrator and the minimum corresponds to cloak. Inset shows the tuning angle � in every other layer.
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transport properties in the two building blocks. Due to this
challenging requirement of the broad and continuous adjustment
in material property, it is very difficult to realize multifunctional
metamaterial in general. In a porous medium, however, due to the
permeability k’s sensitive dependence on the porosity ε, k ∝ ε3

(Kozeny–Carman equation), and our accurate control over the
porosity in the shell, we can achieve such a broad adjustment in
k and realize the multifunctional metamaterial.

With this simple design, we have achieved the cloak, concen-
trator, and rotator within one single system, as demonstrated
in Fig. 2 B–D. The mostly straight external streamlines in
the flow field (Fig. 2 E–G) and the straight pressure contours
in the pressure field (Fig. 2 H–J) verify its little disturbance
to the background flow, due to the permeability matching with
the background. Moreover, a continuous adjustment between
these functions can be achieved. In Fig. 2K, our device can
continuously rotate the inner flow by 120◦. In Fig. 2L, the
velocity magnitude can be continuously tuned by seven times,
and correspondingly, the device switches from the concentrator
to the cloak. During all these operations, the background flow
remains stable within 10% of fluctuation, confirming very little
disturbance from the device. To summarize, we have numerically

designed a multifunctional metamaterial with the chessboard
scheme, and next, we realize it experimentally.

3. Experimental Results

We experimentally realize the multifunctional metamaterial at
microfluidic scales. As shown in Fig. 3 A and B, the device
is fabricated by Polydimethylsiloxane (PDMS) with optical
lithography, and the performance is measured by fluorescent
microscopy. Following the numerical design of the last section,
the homogeneous porous medium is formed by pillars with
diameter d = 0.246 mm and interspacing s = 0.373 mm, and
the functional shell has inner radius a = 3.750 mm and outer
radius b = 7.920 mm. Due to the poor contrast of the actual
Polydimethylsiloxane system, we also show the corresponding
design plot in the right panels of Fig. 3B for a better illustration.

The measured flow fields for the cloak, concentrator, and
rotator are shown in Fig. 3 C–E, respectively (see also Movie S1).
The streamlines are visualized by adding a very small amount of
fluorescent tracer particles inside the flow (rhodamine-B-dyed
Polymethyl Methacrylate (PMMA) particles with a radius of
2 μm and volume fraction of 5 × 10−4). Outside the shell,

Fig. 3. (A) Fluorescence microscopy setup. (B) The Polydimethylsiloxane system and its design plot. (C–E) The snapshots of the flow streamlines in the devices
of the cloak, concentrator, and rotator respectively. (F–H) The corresponding flow field within the central area labeled by the red square in (C–E). The velocity
magnitude is indicated by different colors, which is obtained by large statistics on particle tracking (820 particles for cloak, 1,700 for concentrator, 550 for
rotator).
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Fig. 4. (A–C) Photographs of the cloak, concentrator, and rotator of the macroscopic device. These configurations are achieved by continuously rotating
corresponding layers within one single device. (D–F ) The corresponding flow fields obtained by tracking tracer particles (polystyrene particles with a radius of
10 μm), and the velocity magnitudes are indicated by different colors. (G–H) The front and back sides of the actual device. (I) Comparison of the rotating angle
between experiment and simulation. The blue symbols are from simulation, the orange symbols are from the microfluidic device, and the red symbols are
from the macroscopic device. (J) Comparison of the velocity magnitude between experiment and simulation. (K ) the velocity ratio vExp/vTheo along the red line
near the cloak (see inset). The disturbances are mostly below 10%.

the straight and horizontal streamlines unambiguously confirm
the little disturbance from the device and its “invisibility” to
the background flow. Inside the shell, the velocity magnitude is
further measured by tracking a large number of tracer particles
along streamlines, as shown in Fig. 3 F–H. According to
the measurements, the cloak exhibits a velocity near zero, the
concentrator exhibits a velocity larger than the background, and
the rotator exhibits a significant rotation in the flow direction:
All their performance agrees well with the numerical design.

Moreover, to truly realize continuous switching among dif-
ferent functions, we build a millimeter-scale macroscopic system
with movable layers by 3D printing (see Fig. 4 G and H: d =
0.75 mm, s = 1.16 mm, a = 9.50 mm, and b = 20.80 mm).
Note that the large device size is due to our printer’s limited
resolution, and a much smaller device even at submillimeter scale
could be achieved with a better 3D printer (31, 38). In Fig. 4 G
and H, we show the images of front and back sides of our device:
the front side has nine movable layers, and the back side shows
nine different shafts connected to the nine front layers. Each in-
dividual layer can be independently turned by the corresponding
shaft to reach the desired configuration (Movie S2).

The three configurations of the cloak, concentrator, and
rotator achieved by this single device are demonstrated in Fig. 4
A–C, and the corresponding flow fields are shown in Fig. 4 D–F.
As expected, the cloak exhibits the smallest inner velocity, the
concentrator exhibits the largest inner velocity, and the rotator
exhibits a significant rotation in the flow direction (Movie S3).
The comparison between the experiment and the simulation
is shown in Fig. 4 I and J. The rotation angle σ versus the
tuning angle in each layer α is plotted in Fig. 4I, and both

the microfluidic (orange symbols) and the macroscopic (red
symbols) experiments agree with the simulation (blue symbols).
The manipulation in the velocity magnitude is shown in Fig.
4J: the microfluidic (orange) data quantitatively agree with the
simulation (blue) and the macroscopic (red) data only agree with
it qualitatively. The reason is due to the limited precision of
our 3D-printing equipment, which produces nonnegligible gaps
between layers and leads to a nonideal performance compared
to the simulation. Significant improvements can be expected
with better 3D-printing equipment. To verify that our device
makes negligible disturbance to background flow, in Fig. 4K,
we measure the velocity ratio between the experiment and the
theory, vExp/vTheo, at different locations along a red line close to
the cloak (see inset). Clearly, the disturbances are mostly below
10%, which is quite small, and the invisibility for flow field is
achieved. Therefore, the functions of the cloak, concentrator, and
rotator, as well as continuous switching among them, are realized
successfully in this macroscopic device.

4. Discussions

To demonstrate that our device can indeed control living material
without disturbing background environment which may find
potential biomedical applications, we test our device’s control
on biofilm growth. Experiment shows that our device can
control the magnitude and direction of biofilm growth, while
making no disturbance to the outside environment (see details
in SI Appendix). Although preliminary, this result clearly shows
the possibility of applying our device to living systems in the
biomedical area.
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Therefore, we further point out some potential applications
of our hydrodynamic metamaterial in the biomedical area. In
the tissue engineering area, porous media are commonly used as
platforms for tissue culture, such as the biocompatible porous
scaffolds that guide and support the growth of cells during
tissue regeneration, either at the grafting site inside the body
or in vitro. At the same time, previous studies have also shown
that the growth of many tissues in human bodies is sensitive
to the magnitude and direction of the fluid flow (42–44).
Taking the porous bone tissue as an example, the directional
fluid flow can enhance in vitro periosteal tissue growth for
bones (44). In addition, dynamic flows can also affect bone cell
distribution, enhance cell phenotypic expression, and mineralize
matrix synthesis within tissue-engineered constructs compared
with the static condition (45). Therefore, the multifunctional
control of the flow field by our metamaterial, coupled with
its minimum disturbance to the background, makes it a good
candidate to achieve the best growth conditions of cells and tissues
with a negligible disturbance to the body environment. Thus our
study may inspire design and optimization of 3D porous scaffolds
for tissue engineering (46).

Another possible biomedical application is to design smart
drug-release devices for porous environments inside the human
body. Many human organs and tissues such as the lungs, livers,
mammary glands, and bones are porous media. In many cases,
sustained and regulated release of medicine to their lesion regions
such as tumors is required in clinical practice (47). An essential
requirement of such drug delivery devices is again to make
as little disturbance to the body as possible. Our device can
effectively tune both flow direction and magnitude to deliver
the medicine in a desired manner, while at the same time make
negligible disturbance to the body. Moreover, because our device
is continuously tunable, we can further tune the drug-release
direction and magnitude to best match the body cycle and achieve
a smart release device. Note that no matter what configuration the
device changes into, minimum disturbance to the environment
is always guaranteed. Therefore, our device’s multifunctional
feature and minimum disturbance property make it a potential
candidate for smart drug delivery devices.

Finally, we discuss the limitations of our hydrodynamic
multifunctional metamaterial. Our design relies on Darcy’s law
and thus cannot directly apply to the open fluid environment
without a porous medium. How to achieve a more general
hydrodynamic metamaterial for an open fluid environment? The
previous theoretical study has proposed such a cloak by wrapping

the device with a layer of material with negative permeability
(27), which is impossible for common materials. However, we
propose to adopt the active metamaterial design principle and
use minipumps to create and modify the surrounding fluid flow,
and the negative permeability could be realized. Further studies
are required for this more general situation, and it is beyond the
scope of this work.

5. Conclusion

To conclude, inside a porous medium, we theoretically design
and experimentally realize a multifunctional metamaterial device.
According to the theoretical analysis, our multifunctional device
has satisfied highly challenging requirements in the material
property: the maximum and minimum transport parameters
differ over two orders of magnitude, and the effective parameter
perfectly matches the background. As a result, a powerful
hydrodynamic multifunctional metamaterial is realized, which
may find applications not only in hydrodynamics but also for
biomedical devices inside the human body due to its versatile
functionality and little disturbance to the body environment.
We further note that our study is a demonstration, and more
practical systems designed for various porous media, either
isotropic or anisotropic, and from microscopic to macroscopic
scales can be achieved. Inspired by this work, we expect promising
development in the design and application of multifunctional
metamaterials in the future.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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