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[ —— 3D Hydrogels

Capillary Origami Inspired Fabrication of Complex 3D
Hydrogel Constructs

Moxiao Li, Qingzhen Yang, Hao Liu, Mushu Qiu, Tian Jian Lu,* and Feng Xu*

Hydrogels have found broad applications in various engineering and biomedical
fields, where the shape and size of hydrogels can profoundly influence their functions.
Although numerous methods have been developed to tailor 3D hydrogel structures,
it is still challenging to fabricate complex 3D hydrogel constructs. Inspired by the
capillary origami phenomenon where surface tension of a droplet on an elastic
membrane can induce spontaneous folding of the membrane into 3D structures
along with droplet evaporation, a facile strategy is established for the fabrication of
complex 3D hydrogel constructs with programmable shapes and sizes by crosslinking
hydrogels during the folding process. A mathematical model is further proposed to
predict the temporal structure evolution of the folded 3D hydrogel constructs. Using
this model, precise control is achieved over the 3D shapes (e.g., pyramid, pentahedron,
and cube) and sizes (ranging from hundreds of micrometers to millimeters) through
tuning membrane shape, dimensionless parameter of the process (elastocapillary
number C,), and evaporation time. This work would be favorable to multiple areas,
such as flexible electronics, tissue regeneration, and drug delivery.

tissue regeneration, and drug delivery.'®! Accumulating
evidence has shown that the 3D shape and size of hydro-
gels are vital in these applications.”%! For example, alginate
hydrogel spheres with a smaller diameter (300-500 pm)
transplanted into mice elicited a severe fibrotic response,
whereas those with a larger size (1.5-1.9 mm) did not elicit
any severe fibrotic response.l'?! Also, circular robs produced
the minimal extent of foreign body response, compared to
those of pentagonal and triangular geometries.!'!l Microscale
hydrogels, namely microgels, with specific 3D shapes have
been used to mimic the functional units of different tissues
(e.g., hexagonal liver lobules!'?l and sinusoid-shaped hepatic
sinusoids[13]), which can be further assembled to fabricate
large cellular constructs.'*-1¢ Besides, disc-shaped microgels
have been reported to possess a higher targeting efficiency

1. Introduction

Hydrogels have found extensive applications in diverse engi-
neering and biomedical territories, such as flexible electronics,
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than those having spherical geometry.'”l Hence, it is of great
importance to fabricate 3D hydrogel constructs with control-
lable shape and size.

Numerous strategies have been developed to fabricate
complex 3D hydrogel constructs, such as molding,['8-20]
soft lithography,[?!-23! two-photon lithography,?*27] micro-
fluidics,[2%321 and 3D printing.?'33-3] Nevertheless, limi-
tations are somewhat associated with existing scenarios.
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For instance, the method of molding needs a specific mold
for each geometrical structure, while soft lithography
relies primarily on photopolymerization of liquid precur-
sors, merely appropriate for photocrosslinkable hydrogels.
Microfluidics usually employs specifically designed micro-
channels and multiphase systems to generate microparti-
cles, requiring complex external devices or platforms (e.g.,
cleaning room or pumps) for such fabrication process.[2"]
Moreover, these approaches are not feasible for complex
shapes, e.g., noncylindrical structures. Unfortunately, 3D
printing, considered as a revolutionary method for fab-
ricating complex 3D structures in a rapid, accurate, and
high-throughput manner, is limited in printable hydrogel
selection due to specific viscosity requirement of bioinks.
Besides, the engagement of bulky and professional printing
platform restricts its accessibility 3D printing. There-
fore, there is still an unmet need for a facile, universal,
yet widely accessible method to fabricate complex 3D
hydrogel structures.

Recently, capillary force (i.e., surface tension) has been
utilized to fold millimetric elastic membranes into 3D struc-
tures (termed as capillary origami).[?®37 The capillary force
appears to be ideal for 3D mircofabrication since it becomes
dominant at microscale compared with other forces such as
gravitational or magnetic force. For instance, Py et al. found
that depositing a water droplet on a thin flexible polydi-
methylsiloxane (PDMS) membrane can induce considerable
membrane deformation due to capillary force; under specific
conditions it could even lead to complete wrapping of the
liquid with the evaporation.*®] Based on capillary origami,
various 3D structures of the folded membrane have been
constructed by deliberately designing the shape of the orig-
inal flat membrane.’*% For such a phenomenon, no spe-
cific requirement is needed for the liquid, actually a variety
of liquids (including water®! and salt waterl*!l) have been
used to generate the capillary force and fold elastic thin
films in =10 min. However, these studies mainly focused on
the final 3D structure of the membrane upon capillary ori-
gami closure. Hydrogel precursor, the prestate of hydrogel
before crosslinking, can also be used to induce capillary
forces.[*?] Since it takes only tens of seconds to crosslink
hydrogel with size varying from =100 um to =1 mm, it is pos-
sible to freeze the 3D shape of hydrogel droplet at any time
during the process of capillary origami. However, applying
capillary origami to fabricate 3D hydrogel constructs is yet
explored.

Making use of capillary origami, we developed a facile
strategy to fabricate complex 3D hydrogel constructs with
programmable shape and size. This method is simple and
spontaneous, involving placing a hydrogel droplet on a
PDMS membrane and subsequently crosslinking it at any
moment during hydrogel evaporation. Further, we estab-
lished a mathematical model to analyze the process, based
on which we could achieve programmable shape and size of
3D hydrogel constructs. The developed method of fabricating
hydrogel with complex 3D structures is broadly applicable
for a wide range of hydrogels, holding great potential for
broad applications such as tissue regeneration, drug delivery,
and flexible electronics.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Theoretical Model

During spontaneous wrapping of a soft elastic membrane
around a liquid droplet, the deformation of the membrane
reduces the contact zone between liquid and air, hence
decreasing the surface energy. The decreased surface energy
(of order 6L?) is balanced by an increase in bending energy
(of order B), so that the deformation occurs spontaneously
when the surface energy overcomes the bending energy.
The controllable variables of the fabrication process are
Young’s modulus of PDMS (E), membrane thickness (%),
size of 2D pattern, and surface tension between liquid and
air (o). Considering the membrane as a thin elastic plate, we
simplified the problem to a 2D case and ignored the gravity
(Figure 2A). More specifically, a droplet with volume V is
placed upon a thin solid membrane of total length L. The
membrane may buckle under surface tension and hydrostatic
pressure Ap. For a bent solid membrane, its deformation is
governed byl*]

1_do_M '
p ds EI @

where p is the radius of curvature, M is the bending
momentum, / is the second momentum of area, 6 is the angle
between the membrane and horizontal line, and s is the arc
length.

In the presence of surface tension and hydrostatic
pressure, the bending moment can be expressed as

M(s) = 0 COS Q1 (Yend — Y) + O SINQ; (Xeng — X)

30/2
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where ¢, is the angle between the liquid droplet and the
horizontal line as indicated in Figure 2A. Correspondingly,
the boundary conditions can be written as

6=0 ats=0
de/ds=0

@)

at s =sy/2

The profile of the membrane depends on the Young’s
modulus E, length/thickness of membrane and surface ten-
sion o. The lengths (s, R, x, and y) are normalized by s,
and V, by s,2. To integrate the parameters (E, o, s,, k) into
one dimensionless parameter, elastocapillary number
C, = \/GS(Z)/EI = \/ 120's0/Eh’ is introduced, which also manifests
the importance of surface tension with respect to bending
stiffness. The concrete solving process can be found in the
Supporting Information.

3. Results and Discussion

The shape and size of hydrogels affect significantly their
functions in their applications, which call for an effec-
tive method to fabricate complex 3D hydrogel constructs.
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Inspired by the phenomenon of capillary origami, we devel-
oped a facile method to fabricate complex 3D hydrogel con-
structs with programmable shapes and sizes by crosslinking
versatile hydrogel droplets on thin PDMS membrane during
arbitrary time point of the folding process (Figure 1). To
fabricate the thin PDMS membrane, we developed a simple
method by pipetting a certain volume of PDMS solution onto
the surface of water (Figure S1, Supporting Information).
The PDMS would spread out spontaneously upon the water
and form a thin membrane. Upon curing, the membrane was
transferred onto a polymethylmethacrylate (PMMA) sub-
strate and cut into different shapes (regular triangle, trap-
ezoid, cross, and four-angle star) and regular triangles with
different side lengths (2, 3, and 5 mm). Various complex 3D
hydrogel constructs were fabricated by crosslinking at any
time point of the capillary origami folding process. The mem-
brane wrapped on the hydrogel droplet can be easily peeled
off due to hydrophobicity of the PDMS when shaking in
water.

To control the fabrication process more efficiently, we
established a mathematical model to predict the temporal

Curing
Cutting

b

Spreading
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evolution of 3D hydrogel structures during the process
(Figure 2). Clearly, the fabrication of 3D structures from
plain membranes depends largely on a combination of spe-
cific properties, including the Young’s modulus (E), length/
thickness of solid film (sy, /), and surface tension (o). A
dimensionless elastocapillary number, C,, is defined to com-
pare the surface tension of the droplet with all the aforemen-
tioned properties of the membrane, so that the evolution of
capillary origami would be discussed using C,. During the
bending process of elastic membrane, the normalized dis-
tance between two tips (L") is chosen to quantify its defor-
mation for a given droplet volume V" (Figure 2A).

To understand the regulatory mechanism of elastocapil-
lary number for the whole process, we simulated the profile
of droplet with decreasing liquid volume V* and fixed C,
(i.e., mimicking the evaporation process), through which we
obtained the change of L" (representing the bending state
of membrane) with decreasing V" for selected values of C,
(Figure 2B). We observed two different modes, i.e., fully
encapsulated and fold reopen, depending upon the value of
selected C,.. When C, is equal or bigger than 3.5 (e.g., C,=3.5

and C, = 4.0), the distance L" continuously

decreases to zero with decreasing V", indi-

cating that the membrane deforms contin-

uously until completely wrapped, defined

here as the fully encapsulate mode. How-

beit, when C, is smaller than 3.5 (e.g., C, =

== Ul 3.0 and C, = 3.4), the distance L" decreases

'l% e ) first anc_l then increasgs with reducing V"
o The solid membrane, in such cases, folds
J up first and then reopens and hence is

Hydrogel Y
solution
Membrane fabrication

Evaporation (Time)

D Water | |
L] eoms [l substate

Hydrogel

Figure 1. Schematic of capillary origami inspired fabrication of complex 3D hydrogel
constructs. A thin PDMS membrane is fabricated by dripping a certain amount of PDMS
solution onto the surface of water, which would spread out due to the surface tension of the
water and the viscosity of the solution. After curing, the membrane is transferred to a PMMA
substrate due to a stronger interaction and cut into different shapes and sizes as designed. A
series of complex 3D hydrogel constructs can then be fabricated by crosslinking at any time
point of the capillary origami folding process. The membrane wrapped on the hydrogel can be
easily peeled off due to the hydrophobicity of the PDMS when shaking in water.
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defined here as the fold-reopen mode. To
validate the model, we performed experi-
ments with PDMS membranes having dif-
ferent C, values by tuning the thickness/
side length of triangle PDMS membranes
(Figure 2C). We observed that the fully
encapsulated cases (A symbol) were below
the solid line corresponding to C, = 3.5,
while the fold-reopen cases (0 symbol)
were above the line. The experimental
results were consistent with the model
prediction.

Based upon the prediction of our
model, we fabricated 3D hydrogel struc-
tures with programmable shape and size
by tuning the dimensionless parameter
C,. and the droplet volume (i.e., evapo-
ration time) (Figure 3). We observed
that the membrane profile changes with
evaporation time for all the cases studied.
For example, at the very start, the pro-
file is closer to the shape of spherical
droplet. During evaporation, the volume
of the droplet decreases and the capil-
lary force gradually pulls the membrane,
making the profile closer to the shape of
deformed membrane. On the other hand,
the deformation is dictated by the balance

www.small-journal.com
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Figure 2. Mathematical modeling of the capillary origami. A) Geometry and coordinate system for a 2D capillary origami. B) The dimensionless
distance between membrane tips L* changes with the dimensionless volume V* of droplet on the membrane under different elastocapillary
numbers (C, = 3.0, 3.4, 3.5, 4.0). C) Relationship between critical side length L and thickness h of a regular triangle membrane for folding. Points
above the line (o) stand for experimental data of the fold-reopen case. Points below the line (A) stand for experimental data of fully encapsulated

case.

of capillary force and bending stiffness of the membrane. As
the value of C, is changed, the profiles are different even
if the droplet has the same droplet volume. Two different
modes, the fold-open mode and fully encapsulated mode,
can be converted to one another by tuning C.. For relatively
small elastocapillary number (e.g., C, = 3.0, 3.4), the PDMS
membrane folds up first and then reopens as the droplet
volume decreases (i.e., fold-reopen mode) (Figure 3A,B).
The membrane eventually becomes flat again when the liquid
evaporates completely (V* = 0). If C, is greater than the
critical value (3.5 in this study), the solid membrane would
fold completely at the end (i.e., fully encapsulate mode)
(Figure 3C,D). These results are consistent with the observa-
tion in experiments (Figure 2B).

The hydrogel structure’s size and shape can be tuned by
the membrane size and shape (Figure 4). We take the tri-
angle PDMS membrane as a demo, the membranes having
side lengths of 2, 3, and 5 mm are fabricated. To demon-
strate this, we fabricated membranes with different 2D
shapes (regular triangle, trapezoid, cross, and four angle
star) and sizes (2, 3, and 5 mm). Taking these membranes,
we crosslinked the hydrogels at closure of regular triangle
PDMS membrane, through which we obtained pyramid-
shaped hydrogels with different sizes (Figure 4A). This
technique could be extended to wider range of scales. How-
ever, there are some hurdles that prevent the miniaturiza-
tion (downsizing) and/or macro (upsizing). Theoretically,
capillary force is proportional to the typical length of the
structure L, while the elastic/pressure force is proportional
to L? and the body force (e.g., gravity) is proportional to

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L3 The other forces decrease faster than capillary force
when the sizes are scaled down. For instance, gravity effect
becomes dominant in centimeter scale resulting in the flat-
tening of the capillary origami structure. In order to get
a steric structure, other forces need to be introduced into
the system to balance the gravity under such circumstance.
While for smaller scales (e.g., submillimeter), the rela-
tive ratio between thickness and length of the membrane
increases, leading to hard deformation of the membrane.
This situation, on the one hand, can be fixed by introducing
other forces as well, contributing to the membrane folding
or unfolding (e.g., adding MNPs into membrane and deform
the membrane magnetically). On the other hand, a thinner
membrane fabrication can be achieved by means of micro/
nanotechniques, making it easier to deform the membrane
by capillary force solely. The preparation of such tiny scale
membrane remains a challenge, pending further discussion
on the smallest critical dimension.

Besides pyramid-like hydrogels, other shaped hydrogels
are also in need. This could be achieved by tailoring the
geometry of the PDMS film. We fabricated a cross-shaped
membrane, by which a cubic hydrogel was obtained via
the capillary origami-based method (Figure 4B(iii)). Such
a cubic hydrogel is widely used in tissue regeneration and
may found plenty of applications.[*>#l Other shapes of the
hydrogel could be obtained by carefully tailoring the geom-
etry of the PDMS film (Figure 4B). For instance, pentahe-
dron hydrogel was obtained from four-angle-star-shaped
membrane (Figure 4B(iv)) and wedge-shaped hydrogel
was successfully fabricated by isosceles triangle membrane.

small 2016,
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Figure 3. Fabrication of 3D hydrogel structures with programmable shapes and size through tuning the Elastocapillary numbers (C,) and evaporation
time. The evolution of capillary origami and the associated droplet profile compared with experimental images for C,=A) 4.0, B) 3.7, O) 3.4, and
D) 3.0. A,B) The membrane eventually comes into closure due to evaporation. C,D) The membrane bends with evaporation to some extend but not

close and then return to the flat state (scale bar: 1 mm).

The final shape of hydrogel is quite stable after crosslinking
the hydrogel and removing the PDMS membrane, and the
surface tension will no longer play a part in deforming
the structure when the hydrogel is completely crosslinked
(Figure 4B). For those aforementioned membranes, we
define them as deployable (i.e., the film can unfold to a

small 2016,
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flat membrane and also fold up into a 3D smooth struc-
ture). Other shaped membranes can also cause origami. For
instance, Paulsen et al. used a rounded thin membrane and
obtained an optimally efficient shape.[*l This is very similar
to our method expect the optimally efficient structure is not
smooth but with some ripples on its surface. This capillary

www.small-journal.com
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(A)

by regulating the initial concentration and
the change of the liquid volume.
Moreover, our method can be com-
bined with other techniques to signifi-
cantly enhance the fabrication throughput
capability. To demonstrate this, we com-
bined our method with 3D printing to

(B)

(iv)

fabricate an array of hydrogels. A 5 x 5
array of regular triangle membranes were
placed under 3D platform with nanoscale
resolution and same volume of hydrogel
precursor was injected onto the mem-
brane (3 mm) (Figure 5A).

Versatile applications of hydrogels
often require multiworking environment
and thus need degradation under dif-
ferent physiological conditions. There
is an urge demand of various kinds of
hydrogel fabrication. Besides photosensi-
tive hydrogel, our method is also compat-
ible with other types of hydrogels, such as
thermal crosslinkable hydrogel (GelMA)
and chemical crosslinkable hydrogel (algi-
nate) (Figure 5B(i) and (ii)). Photosensi-
tive hydrogel (10 wt% PEG) with MNPs
can also be fabricated and used for further
self-assembly (Figure 5B). These materials
have well-demonstrated good biocompat-
ibility and have been widely used in many
biomedical applications.[**"! Furthermore,
these hydrogels can be used to encapsu-
late various cells to generate cell-laden
building blocks, holding great potential in
bottom-up tissue engineering.

Figure 4. 3D hydrogel constructs fabricated with PDMS membranes of different sizes and
shapes. A) 3D hydrogel constructs fabricated with PDMS membranes of different sizes. Length
of the regular triangle PDMS membranes is (i) 2 mm, (i) 3 mm, and (iii) 5 mm. B) 3D hydrogel
constructs fabricated with PDMS membranes of different shapes: (i) isosceles triangle,

(i) trapezoid, (iii) cross, (iv) four angle star (scale bar: 1 mm).

origami-based method holds great potential in fabricating
different shaped hydrogels as long the geometry of the
membrane is well defined.

In our experiment, the initial concentration of poly-
ethylene glycol (PEG) 1000 was 5 wt% and finally became
10-20 wt% due to evaporation. As the amount of the PEG
molecular does not change during the evaporation, we can
calculate the final concentration of the hydrogel according to
the change of volume. We have fabricated 10 wt% concentra-
tion cylindrical hydrogel samples (diameter: 10 mm, height:
5 mm) by using two different approaches. One is the directly
configured solution of 10 wt% concentration, and the other
is prepared by enriching the solution of 5 wt% concentration
to 10 wt% through evaporation. We measured their mate-
rial mechanical property by indentation test (Figure S4, Sup-
porting Information) and found no significant difference on
Young’s modulus of these samples fabricated from different
approaches. Hence, the mechanical property can be predicted

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Practically, there are still lots of room
for the development of our method. Since
evaporation is not the only way to control
the capillary origami process, other kinds
of forces can additionally be adopted into
the systems to coregulate the procedure
of fabricating complex 3D constructs. As
discussed above, field forces (e.g., electric force or magnetic
force) can help to deform the membrane or balance the
gravity in large scale. Such forces can be easily controlled by
external physical field, making it possible to switch the fold
and unfold cases at will. For example, based on electrowet-
ting, an electric field was employed to acting against surface
tension, promoting the reopening of the membrane.[*!]

In addition, engaging advanced micro/nanotechniques
will benefit the mass production of the eventual prod-
ucts. Fabricating hydrogels with submillimeter dimensions
(i.e., microgels) would be more appealing in numerous biolog-
ical applications. For this, micro/nanofabrication techniques
(e.g., mold-demolding method) could help to produce a pre-
cisely designed mould, facilitating the construction of well-
tailored PDMS membranes with smaller sizes. Moreover, with
advanced fabrication method, delicate membranes with more
complex shapes could be obtained, which can be used to fab-
ricate complex hydrogel constructs. These multiple hydrogel

small 2016,
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Figure 5. Throughput capability and compatibility with different types of hydrogels. A) Potential high-throughput fabrication of an array of hydrogels.
(i) An array of membranes under 3D bioprinter. (ii) Magnified image of membranes. (jii) Printing droplets on membranes by 3D bioprinter. B) Different
types of hydrogel including: (i) thermal crosslinkable hydrogel (GelMA), (ii) chemical crosslinkable hydrogel (alginate), and (iii) photosensitive

hydrogel (10 wt% PEG) encapsulated with MNPs (scale bar: 1 mm).

units could be further assembled directly, presenting a facile
strategy for future 3D tissue constructs.

4. Conclusion

In summary, we have developed a facile method for fabrica-
tion of complex 3D hydrogel constructs by using capillary
force to fold and shape solid films and membranes, which
would be difficult to obtain by other means. Built upon the
capillary origami, well-controlled 3D hydrogel structures
were produced by crosslinking during folding process. The
profiles of the structure are dependent on crosslinking time,
properties of the membrane and liquid, and the membrane
shape. Moreover, the developed method holds great poten-
tial to be high throughput and applicable to a wide range of
materials.

5. Experimental Section

Materials: Polydimethylsiloxane (PDMS) Sylgard 184 was
obtained from Dow Corning, USA. PEG 1000 was purchased from
Polysciences, Inc. Sodium alginate (LF20/40) was purchased from
FMC Biopolymer. Gelatin-methacrylate (GelMA) and alginate were
synthesized as previously described.l*’-*2 PMMA was purchased

small 2016,
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from Evonik Industries. PEG precursor was obtained by dissolving
PEG and photoinitiator into water with concentration of 10 and
0.5 wt%, respectively. GelMA precursor was obtained by dissolving
GelMA and the photoinitiator into water, with final concentrations
of 5 and 0.3 wt%, respectively. Powder of alginate was dissolved
in deionized water (content of alginate fixed at 15%) and a solu-
tion containing calcium chloride (CaCl,, Sigma) was used to cross-
link the alginate network.

Fabrication of PDMS Membrane: The PDMS membrane used in
this study was fabricated by a simple and cost-effective method.
Specifically, the PDMS monomers and curing agent were first
mixed at the mass ratio of 10:1 and placed in vacuum to remove
air bubbles for =30 min. Subsequently, upon pipetting the PDMS
solution into a petri dish full of water, the PDMS solution spon-
taneously spread on the water surface. After 12 h, PDMS was
cured in an oven for another 8 h at 40 °C, forming a thin PDMS
membrane with a relatively uniform thickness. Due to the stronger
interaction between PDMS and PMMA than that with water, the
PDMS membrane was transferred to a PMMA substrate to water
facilitates the peeling off of PDMS from the fabricated 3D hydrogel
(Figure 1). The thickness of the PDMS membranes can be tuned
by changing the PDMS volume and petri dish size (Figure S1, Sup-
porting Information). In this way, PDMS membranes with different
thicknesses (from =40 to =100 pm) were fabricated and manually
cut into different 2D shapes (regular triangle, trapezoid, cross,
and four-angle star) and sizes (e.g., side length of regular triangle

www.small-journal.com 7
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varied as 2, 3, and 5 mm). The thickness h and the characteristic
length s, of the elastic membrane were measured by an optical
microscopy (KEYENCE VHX-600E). The Young’s modulus E of the
PDMS was measured by a nanoindentation machine in our lab.
With these measurements, C, can be calculated through equation
Ce=+JosylEl =120syEH? .

Fabrication of 3D Hydrogel Structures: To fabricate 3D hydrogel
structures, a droplet of PEG precursor solution mixed with photo
initiator (final concentration of 10-20 and 0.5 wt%, respectively)
was pipetted onto a regular triangle PDMS membrane. With
evaporation at room temperature (25 °C), the surface tension of
the droplet pulled the membrane and gradually deformed it. The
hydrogel structures were frozen via UV radiation as its crosslinking
time is much shorter than the closure time (Figure S2, Supporting
Information). Each 3D hydrogel construct was imaged using an
optical microscopy (KEYENCE VHX-600E), through which its shape
and size were characterized.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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