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Many applications in tissue engineering, flexible electronics, and
soft robotics call for approaches that are capable of producing
complex 3D architectures in soft materials. Here we present a
method using molecular self-assembly to generate hydrogel-based
3D architectures that resembles the appealing features of the
bottom-up process in morphogenesis of living tissues. Our strat-
egy effectively utilizes the three essential components dictating
living tissue morphogenesis to produce complex 3D architectures:
modulation of local chemistry, material transport, and mechanics,
which can be engineered by controlling the local distribution of
polymerization inhibitor (i.e., oxygen), diffusion of monomers/
cross-linkers through the porous structures of cross-linked polymer
network, and mechanical constraints, respectively. We show that
oxygen plays a role in hydrogel polymerization which is mechanisti-
cally similar to the role of growth factors in tissue growth, and the
continued growth of hydrogel enabled by diffusion of monomers/
cross-linkers into the porous hydrogel similar to the mechanisms
of tissue growth enabled by material transport. The capability and
versatility of our strategy are demonstrated through biomimetics
of tissue morphogenesis for both plants and animals, and its
application to generate other complex 3D architectures. Our
technique opens avenues to studying many growth phenomena
found in nature and generating complex 3D structures to benefit
diverse applications.
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Living tissues of plants or animals form complex three-
dimensional (3D) shapes and patterns to achieve their

functions. For example, directional bending of plant stems in re-
sponse to changes in the directions of light and gravity enables the
leaves to improve their photosynthesis efficiency (1). Similarly, the
formation of individual villi in human gut facilitates better ab-
sorption of nutrients (2). Tissue growth is a result of individual cell
growth and/or cell proliferation during which new biomass is
synthesized by consuming nutrients that are taken up locally in
animals or plants and transported to other regions of their struc-
tures via vascular systems (3). In contrast to other growth mecha-
nisms such as solidification of metals where growth is accomplished
by adding newly solidified materials onto the surface (4–7), the
continuous insertion of new biomass into existing structures makes
living tissue growth a unique phenomenon. Furthermore, as the
rate of tissue growth is dictated by the presence of growth factors,
differential spatial growth in living tissues is possible with non-
uniform distribution of growth factors enabled by intercellular
transport (8, 9). A direct consequence of the differential spatial
growth is the emergence of internal mechanical residual stress,
which influences tissue morphogenesis through the following two
aspects. On one hand, the growth-induced residual stress may
modulate biochemical signaling pathways and stabilize the regional
distribution of growth factors, enabling further increase in the stress
level (10, 11). On the other hand, as the accumulated residual stress
reaches a critical value, it may facilitate tissue morphogenesis by,
e.g., mechanically buckling the tissue (12–15).
Differential growth of living tissues has been replicated in

vitro primarily by the differential swelling of hydrogels (15–19).

Engineered heterogeneity by recourse to such approaches as
spatially varying the degree of cross-linking (17, 20, 21), adopting a
multilayer design (18, 19, 22), or attaching the hydrogel to a rigid
surface so as to impose a mechanical boundary constraint (23),
has often been introduced to achieve stable differential swelling.
Three-dimensional printing of layered hydrogel with stiff cellu-
lose fibrils aligned in the printing direction engenders controlled
swelling that is shown to mimic the evolution of complex 3D
architectures found in nature (24). Despite their ability to gener-
ate 3D geometries, existing methods to produce complex shapes in
soft materials differ fundamentally from the processes underlying
tissue growth in the following distinct ways: (i) living tissues grow
by adding new cells into existing cell aggregates, whereas no fur-
ther polymerization is involved during controlled swelling of
hydrogel; and (ii) the formation and swelling of hydrogels are two
sequential processes in engineered systems, whereas in living sys-
tems, tissue growth and shape formation occur as a single,
integrated process. In other words, existing methods to engineer
complex 3D shapes through controlled swelling of hydrogels
constitute a top-down approach; morphogenesis of living tissues,
in contrast, is a bottom-up approach.
Here, we report a bottom-up approach to generating complex

3D hydrogel structures. The technique involves polymerization
of monomers into polyacrylamide (PA) hydrogel. PA hydrogel
has been commonly used as a scaffold biomaterial for tissue
engineering owing to its appealing similarities to living tissues
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(25, 26). In this work, we observed continuous polymerization
during growth of postgelation hydrogel, a process that better
resembles tissue growth in nature. Such a growth mechanism
relies on the continued diffusion of monomers into the porous
hydrogel. We demonstrate that such continuous polymerization
can be manipulated by controlling oxygen (O2) concentration,
where O2 plays a role in polymerization similar to the role of
growth factors in tissue growth. We further show that by con-
trolling local chemistry, material structure, and mechanical
constraints, the PA gel can self-assemble into complex bio-
mimetic 3D morphologies. The current method provides a
model system to study, among other phenomena, the mecha-
nisms underlying the influence of light and gravity on the ori-
entation of plant stem, the formation of saddle-shaped tree
leaves and flowers via differential growth, and the evolution of
wavy patterns in the airways of asthma patients. Since the con-
tinuous growth mode is a general principle for most living systems
undergoing morphogenesis, our technique can be a powerful tool
to study many growth phenomena in living systems. Appropriate
adaptations of this method could point to pathways for gener-
ating complex 3D structures in applications as diverse as tissue
engineering, soft robotics, and flexible electronics.

Oxygen Diffusion-Mediated Polymerization
Our approach relies on the premise that hydrogel gelation pro-
cess can be modulated by controlling the distribution of poly-
merization inhibitors in gel solution. Specifically, polymerization
is initiated by catalysts which turn initiators into free radicals (27,
28). These free radicals then activate monomers and cross-
linkers into new free radicals that can further react with inacti-
vated monomers and cross-linkers, resulting in cross-linked
hydrogel network. Because the polymerization rate largely re-
lies on the availability and abundance of free radicals in the
reaction system, this process is susceptible to the existence of
free-radical inhibitors, molecules that can convert free radicals
into much less reactive or even nonreactive counterparts. O2, as
a common inhibitor, can turn free radicals into peroxyl radicals
that have insufficient reactivity to continue polymer chain growth,

and therefore slows down the gelation process (28). Polymeriza-
tion could be even completely inhibited when dissolved O2 rea-
ches a critical concentration (29). Therefore, special treatments to
minimize dissolved O2 have often been performed in preparing
hydrogel (30). In this work, we take advantage of the detrimental
effect of O2 on polymerization of PA hydrogel and turn it into an
approach to manipulate the gelation process. The reaction scheme
of PA hydrogel in our experiments is described in more detail in
Supporting Information.
In our experiments, we intentionally allow the gel solution to

polymerize under the open-air condition, instead of preventing
the gel solution from being exposed to O2. Under this condition,
polymerization is a dynamic reaction–diffusion process as illus-
trated in Fig. 1A. The ambient air maintains a constant O2
concentration (c0 = 20.9% vol/vol) at the liquid–air interface. As
dissolved O2 is completely removed before introducing catalysts
and initiators, the concentration gradient drives O2 to continu-
ously diffuse from the liquid–air interface into gel solution once
the polymerization is initiated. This process leads to the termi-
nation of polymer chain growth by accumulated O2 near the
liquid–air interface. Visible gelation is then possible only in the
region away from the interface. We modify the surface hydro-
phobicity of our polydimethylsiloxane (PDMS) reaction chamber
(Materials and Methods) to demonstrate how O2 concentration
can be strategically controlled to produce the desired shape of
the hydrogel. The meniscus profile of gel solution inside the
reaction chamber can be predicted with the open source Surface
Evolver-Fluid Interface Tool (SE-FIT) (31) and used to estimate
the distribution of O2 during polymerization (Materials and
Methods). As shown in Fig. 1B, a hydrophobic surface of our
PDMS reaction chamber (wetting angle θ = 107.5 ± 1.7°, Fig. S1)
gives rise to O2 depletion at the center of the bottom of the
chamber, leading to the formation of a disk-shaped hydrogel
(Fig. 1C1). Plasma treatment switches the PDMS surface from
hydrophobic to hydrophilic (θ = 14.3 ± 1.0°, Fig. S1) and con-
sequently changes the meniscus shape from convex to concave. A
hydrophilic PDMS surface gives rise to O2 depletion at the
corner of the chamber, forming a ring-shaped hydrogel (Fig. 1

Fig. 1. Disk-to-ring transition of PA hydrogel via controlled oxygen diffusion with the modification of surface hydrophobicity. (A) Schematic representation
of the polymerization process. Gelation occurs because of diffusion-mediated oxygen inhibition only on the left side of the black dashed line. (B) Simulated
menisci of the gel solution inside a cylindrical PDMS chamber without (B1) and with (B2) plasma treatment, respectively, overlaid with contour plots of the
oxygen concentration inside the gel solution after 265 s. Bulk liquid exists below the meniscus. Oxygen concentration is normalized by the concentration at
the liquid–air interface. Gelation regions (black) are identified as the region where normalized oxygen concentration is below 1.4% (29). (C) Dimensions of
polymerized hydrogel without (C1) and with (C2 and C3) plasma treatment after taking the specimen out of the reaction chamber. The initial nominal liquid
heights, the volume of the gel solution normalized by the bottom area of the chamber, are 1.84 mm for C1 and C2 and 2.10 mm for C3. White dashed circles
indicate the size of the reaction chamber. (Scale bars: 1 cm.) (D) Experimental and simulation results of the normalized ring width, i.e., the width of the ring
structure normalized by the radius of the chamber, as a function of the nominal height of the gel solution.
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C2 and C3). Simple diffusion simulations of O2 concentration
(Fig. 1B) allow us to predict the disk-to-ring transition (Fig. 1C),
and predict the increase of the ring-wall width with increasing
initial volume of gel solution. The predicted ring-wall width
agrees well with experimental results (Fig. 1D).
We also note that the polymerization of PA hydrogel proceeds

in a unique growth mode benefiting from its porous structure. As
shown in Fig. 1A, the copolymerization of monomers and cross-
linkers in the gelation region (on the left of the dashed line) results
in a concentration gradient of the free monomers and cross-
linkers, from high concentration near the liquid–air interface to
low concentration inside the cross-linked hydrogel. Benefiting
from its porous nature, free monomers and cross-linkers are able
to diffuse into the cross-linked hydrogel network from the liquid
gel solution region. Meanwhile, as pointed out earlier, O2 con-
centration is also low inside the hydrogel, thus facilitating contin-
ued polymerization in postgelation region. This unique growth
mode is evidenced by the emergence of buckling of the hydrogel
ring as its continued growth is confined by the reaction chamber
(Fig. S2). Fig. 1C shows that upon taking polymerized hydrogel out
of the reaction chamber, the radius of the hydrogel disk and that of
the hydrogel ring are bigger than the reaction chamber dimension
(the reaction chamber dimension is depicted by the white dashed-
line circles). It is worth noting that this internal growth mode of
hydrogel is fundamentally different from that of crystal growth
during which new constituent atoms, molecules, or ions are added
to the outer surface of an ordered crystal lattice (4, 32). In fact, this
growth mode is more similar to living tissue growth through
cell enlargement and division. During living tissue growth the
growth factors dictate the synthesis of new biomass from available
nutrients, whereas during hydrogel growth the O2 concentration
regulates the rate of gelation. The diffusion of monomers and cross-
linkers, on the other hand, resembles the transport of nutrients.

Biomimetics of Tissue Morphogenesis
We further demonstrate the similarities between our method for
continuous polymerization of hydrogel and several biological
processes by successfully reproducing the complex shapes found
during tissue morphogenesis in both plants and animals (Fig. 2).

i) The directional bending of plant stems responding to change
of direction of gravity or sunlight is a good example of how
the local chemistry (in this case, auxin) regulates tissue mor-
phogenesis. In gravitropism, the sedimentation of statoliths,
dense organelle in cells in the endodermic layer of the stem,
activates the mechanosensitive signaling pathways which
transport auxins to the lower part of the stem (33). En-
hanced auxin concentration locally promotes stem growth.
The differential growth between upper and lower parts of
the stem therefore leads to upward bending of the stem (Fig.
2A). In our experiments of hydrogel polymerization, O2 reg-
ulates the reaction rate, leading to the differential growth-
induced directional bending of the hydrogel structure. As
shown in Fig. 2B, a rectangular hydrogel ring formed in a
rectangular chamber is regulated by an O2 concentration
gradient, from high concentration near the inner side (ex-
posed to ambient air) to low concentration near the outer
side (near the chamber wall). The polymerization rate there-
fore is higher near the outer side, resulting in a residual
compressive strain on the outer side while a tensile strain
develops on the inner side (Fig. 2B). As shown in our exper-
imental results (Fig. 2C), when the mechanical constraint is
relieved by slicing the hydrogel open, directional bending
toward the inner side occurs. A similar observation with a
circular hydrogel ring is shown in Fig. S3.

ii) Material heterogeneity within a single tissue serves as a cat-
alyst for creating differential growth in living tissues. During
such differential growth, the region that grows relatively

more slowly imposes a mechanical constraint on the region
where growth occurs faster. For example, the growth rate
difference in a leaf between the slow-growing midvein and
the fast-growing edge leads to the emergence of a saddle-
shaped configuration (34), as shown in Fig. 2D. To mimic
this phenomenon, we introduce a soft cotton wire along the
long axis of an elliptical chamber (Fig. 2E). The geometric
constraint imposed by the soft wire effectively suppresses the
local hydrogel growth near the wire, whereas regions away
from the wire undergo continuous internal growth. As
shown in Fig. 2F, a saddle-shaped configuration is formed
after the hydrogel is taken out of the reaction chamber.

iii) However, another example is the morphogenesis of human
respiratory airways in asthma patients. Compared with nor-
mal airways, the airways in asthma patients undergo signifi-
cant architectural remodeling, including swollen airway lining
and tightened smooth-muscle constraint (35). As shown in
Fig. 2G, the smooth muscles in the outermost layer of the
airway impose a stiff geometric constraint to the swelling of
the soft airway lining, causing constriction and an undulating
pattern of the airway canal. In the hydrogel experiment, we
regenerate a buckled wavy pattern on the inner wall by pre-
scribing a stiff circular line constraint, similar to that of the
stiff smooth-muscle layer in asthma patients (Fig. 2H).

Three-Dimensional Architecture Generation
Besides providing possible insights into morphogenesis of living
tissues, the current method offers a means to generate complex

Fig. 2. Biomimetics of the morphogenesis of plant and animal tissues.
(A) Directional bending of plant stem in gravitropism (image from internet).
Schematic (B) and experimental (C) demonstrations of directional bending
of a rectangular hydrogel ring through oxygen diffusion-mediated differ-
ential polymerization. (D) Representative image of saddle-shaped leaf.
(E and F) Polymerized PA gel in an elliptical chamber with geometric con-
straint imposed by a soft wire before (E) and after (F) being taken out of the
chamber. (G) Movat’s pentachrome stain of human normal and asthmatic
airways (35). (H) Polymerized hydrogel with circular line constraint. (Scale
bars: 1 cm.)
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soft 3D architectures in hydrogels. Fig. 3 shows that by controlling
polymerization and mechanical constraints, the hydrogel self-
assembles into 3D bowls with and without ruffled edges. Differ-
ential growth is introduced by submerging a stiff circular wire in gel
solution. While the presence of the wire suppresses local growth
of the hydrogel, hydrogel continues to grow at the inner part of
the disk and at the outer edge. Depending on the location of the
constraining wire, the residual strain due to differential growth,
upon releasing the hydrogel from the reaction chamber, gives rise to
a bowl-shaped structure with either a flat edge (Fig. 3, top row), or a
buckled, wavy edge (Fig. 3, bottom row). Through a combination of
the bottom-up approach that controls O2 diffusion-regulated poly-
merization, and the top-down approach that introduces mechanical
constraints, we develop a powerful approach to generate complex
3D architectures, as demonstrated in Fig. S4.
We further demonstrate another strategy to generate complex

3D architectures facilitated by regional differential growth of
hydrogel during polymerization. The bottom surface of our re-
action chamber can be chemically activated to enhance its ad-
hesion with hydrogel (Materials and Methods). Specifically, the
activated regions feature a layer of aldehyde groups that can
form covalent bonds with the free amine groups in PA hydrogel
(36). The strong adhesion between hydrogel and chemically ac-
tivated bottom surface effectively suppresses the internal growth
of hydrogel (Fig. S5). As proof of concept, we selectively activate
the bottom surface such that strong adhesion between hydrogel
and bottom surface is possible only within specified regions (Fig.
S6). As shown in Fig. 4, hydrogel forms covalent bonds with the
bottom surface within branch patterns, serving as anchoring sites
(blue regions in Fig. 4). The continuous growth in nonadhered
regions leads to out-of-plane buckling, rendering 3D buckled
hydrogel ring architectures. More complex 3D architectures can
be readily generated following this strategy.

Discussion
In summary, we demonstrate an approach to generate complex
hydrogel-based 3D architectures via controlled molecular self-
assembly of monomers and cross-linkers. In general, complex
3D shapes in soft materials can be realized through two distinct
approaches. The top-down approach involves engineering het-
erogeneous, patterned structures (layered, directionally stiffened
or softened, residually stressed, etc.) which, upon stimulation or
release of constraints, evolve into 3D shapes (17, 24, 37, 38). The
bottom-up approach utilizes the material’s ability to self-assemble

or grow into 3D shapes (e.g., tissues and organs of animals, and
leaves and flowers of plants). Sometimes combined top-down/
bottom-up approaches are needed to achieve special functions
or shapes of a soft structure/device. The vast majority of tech-
niques to date make use of the top-down approach. The current
study thus demonstrates possibilities for generating 3D architec-
tures in soft materials using a bottom-up method. Our approach
relies on the porous nature of cross-linked network, so that con-
tinuous transport of monomers and cross-linkers into postgelation
network is permitted, facilitating continuous growth of hydrogel.
Differential growth of hydrogel can be effectively introduced when
mechanical constraints are incorporated into the polymerization
system. We demonstrate that this approach can serve as a pow-
erful means to generate biomimetic and other complex soft 3D
architectures. Because this unique growth mode is expected to be
a general principle for all polymer materials that feature a porous
structure after polymerization, our findings are likely to be ap-
plicable to a wide variety of fields, such as biomedical engineering,
polymer science, soft robotics, and flexible electronics.

Materials and Methods
Meniscus Shape and O2 Distribution Prediction. For a given volume of gel so-
lution, we numerically predict the surface profile inside a cylindrical chamber
using the open-source SE-FIT software. The prebuilt Z-cylindrical container is
usedwith the contact anglemeasured experimentally. The equilibrium surface
profiles obtained with a surface tension γ = 0.072N/m and gravity acceleration
g= 9.8 m/s2 are exported from SE-FIT and reconstructed in the commercial
software ABAQUS (39) to simulate the dynamics of oxygen diffusion. We
model the O2 diffusion as an equivalent axisymmetric thermal conduction
problem. The diffusivity of oxygen inside the gel solution (D= 8× 10−6 cm2/s)
(29) is converted to an equivalent thermal diffusivity. Oxygen diffusion from
the PDMS side is negligible for the following reasons and therefore not
considered in our simulations. First, the diffusivity of O2 in PDMS is compa-
rable to that in gel solution (40), but the thickness of the PDMS wall is one
order of magnitude larger than the height of the gel solution. In addition,
plasma treatment generates a silica layer on the PDMS surface which further
limits the diffusion of O2 significantly. The four-node axisymmetric convec-
tion/diffusion quadrilateral element is used for the simulation.

Contact Angle Measurement. The contact angle between gel solution and
PDMS surface is measured using a ramé-hart Contact Angle Goniometer
(ramé-hart instrument co.). The gel solution is a mixture of 10% acrylamide
and 0.1% bis-acrylamide (AMRESCO) in deionized water. To prepare PDMS
substrates, a 10:1 weight mixture of base to curing agent (Sylgard 184; Dow
Corning) is thoroughly mixed, degassed, and cured at 65 °C for 2 h. During the
measurement, small droplets of gel solution are placed onto flat PDMS sub-
strates using a micropipette, while the built-in camera system simultaneously
records the droplet profile from which the instant contact angle is automat-
ically calculated in the DROPimage software (ramé-hart instrument co.). The
volume of the gel solution droplet is gradually increased from 1 μL until the
contact angle starts to decrease. The maximum equilibrium contact angle is
used as the default contact angle between the gel solution and the PDMS
substrate. Measurements are performed on both PDMS substrates with and
without plasma treatment. Plasma treatment is performed for 1 min at a high
power level (18 W) using a plasma cleaner (Harrick Plasma), and the same
setting is used for all plasma treatments performed in this study.

Fig. 3. Self-assembled 3D soft hydrogel bowls with and without a wavy
edge. Blue food-dye solution is held in the bowls to demonstrate their
structural integrity. (Scale bars: 1 cm.)

Fig. 4. Three-dimensional hydrogel architectures generated with selectively
patterned glass substrates. Blue regions denote the activated regions that
can chemically bind with PA hydrogel. (Scale bars: 1 cm.)
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Reaction Chamber Construction. A reaction chamber is an assembly of a PDMS
ring on a glass coverslip. To prepare the mold for making the PDMS ring,
circular patterns with a diameter of 22.2 mm are cut out of a 6.35-mm-thick
acrylic sheet using a laser cutter (Epilog Laser) and then glued onto the
bottom surface of a Petri dish using a two-part epoxy (Gorilla Epoxy; Gorilla
Glue Inc.). PDMS rings are prepared using a 10:1 weight mixture of base to
curing agent. After curing at 65 °C for 2 h, PDMS rings are carefully removed
from the mold and assembled onto a glass coverslip with gentle pressure.

Glass Surface Activation. To activate the glass surface, coverslips are plasma-
treated for 1 min, followed by 30 min incubation in 4% 3-aminopropyl-
trimethoxysilane (APTMS; Sigma-Aldrich) in isopropanol, and then 30 min
incubation in 1% glutaraldehyde solution (Alfa Aesar). PDMS molds
with various numbers of branch structures are used to confine the glass
surface that exposes to the glutaraldehyde solution, yielding selectively
functionalized patterns.

Polymerization. Before polymerization, the gel solution is degassed for at
least 30 min in a vacuum desiccator to completely remove dissolved oxygen.
Polymerization is then initiated by introducing tetramethylethylenediamine
(TEMED; Teknova) and ammonium persulfate (APS; Promega) into the gel
solution with final concentrations of 0.3% and 0.05%, respectively. The gel
solution of a desired volume is immediately pipetted into the polymerization
chamber with minimal disturbance so as to avoid introducing oxygen. The
solution is allowed to react for 3 h before replacing the unpolymerized so-
lution with food-dye solution to stain the polymerized hydrogel for imaging
purpose. The reaction chamber is disassembled after the completion of
polymerization to release hydrogel structures.
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