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A simple yet versatile method is proposed 
to fabricate an organogel–hydrogel hybrid. 
The unique property of being externally 
hydrophobic and internally hydrophilic 
enables the organogel–hydrogel hybrid 
to exhibit a variety of functions, such 
as robust mechanical properties, long-
lasting antiswelling and antidehydra-
tion, controlling mobility of water 
droplets, laser-assistant printing, and  
dimensional shape transformation.
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K. Liu,* M. Liu*......................... 1800793

Macroscopic Layered Organogel–
Hydrogel Hybrids with Controllable 
Wetting and Swelling Performance
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Macroscopic Layered Organogel–Hydrogel Hybrids  
with Controllable Wetting and Swelling Performance

Tianyi Zhao, Guangyan Wang, Dezhao Hao, Lie Chen, Kesong Liu,* and Mingjie Liu*Q2

Soft gels that integrate the water retention of hydrogels and the water swelling 
resistance of organogels are sought by researchers. Such materials have 
useful properties and potential applications in stretchable and biointegrated 
fields, such as tissue engineering, microfluidics, and biomedical devices. 
This study reports a simple yet versatile method for assembling hydrogels 
and organogels into covalently tethered hybrids to provide robust properties, 
such as excellent stretchability, tough interfacial bonds, enduring antiswelling, 
and low dehydration. The proposed method is simple and can generally be 
applied to hydrogels that contain hydroxyl terminal groups and commonly 
used organogels that can copolymerize with double-bond groups. The unique 
property of being externally hydrophobic and internally hydrophilic enables the 
organogel–hydrogel hybrids to be applied to many fields, such as mobility con-
trol of water droplets, printing, and 3D structure development. The organogel 
hydrogel hybrids not only present superior wettability performances, such as 
water retention and swelling resistance, but also present applicable functions 
that make them useful in tissue engineering and biomedical devices in vivo.
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Potential applications include artifi-
cial skin,[1] tissue engineering,[2] contact 
lenses,[3] drug delivery,[4] and in vivo bio-
sensors.[5] Although remarkable progress 
has been achieved in the development 
of special hydrogels in recent decades,[6] 
their practical applications are limited 
by swelling and dehydration, which can 
drastically affect their mechanical tough-
ness and other intrinsic properties.[7] 
Accordingly, there is an urgent need 
for nonswelling, dehydration-controlled 
hydrogels.[8] A lot of effort has been 
devoted to improve the swelling and 
dehydration properties of hydrogels. By 
utilizing physical or chemical methods, 
significant progress has been achieved.[9] 
For example, by physically adding 
highly hydratable salts to polyacrylamide 
hydrogel, more free water can be con-
verted to bound water, thereby increasing 

the water retention capacity;[10] or, by complex chemical modifi-
cation, different phases can be integrated from the intersurface 
to synthesize hydrogel–elastomer hybrids with multifunctional 
properties including extremely robust interfaces, low dehydra-
tion, and high elasticity.[1a] However, some intrinsic drawbacks 
in these techniques have been recognized: i) physical addition 
of materials may affect the inherent properties of the hydro-
gels;[11] and ii) chemical processes may be complex, requiring 
investigation via complicated experiments. Since these prob-
lems are critical in both practical applications and theoretical 
research, there is a pressing need to fabricate extremely robust 
hydrogels, especially those with optimal water retention, 
antiswelling, and elastic properties.[12]

Recently, building binary cooperative complementary mate-
rials with two components of entirely opposite physiochemical 
properties has been widely used and considered as a novel prin-
ciple for the design of functional materials.[13] So far, hydro-
gels and organogels have been widely used in technological 
applications.[14] Because of the complementary wettability per-
formances of hydrogel and organogel, they are expected to be 
integrated to provide even better performance in new appli-
cations.[15] For example, Gao et  al. synthesized hydrophilic/
oleophilic heteronetworks to mimic biological organisms with 
exceptional freezing tolerance.[14b] Such hydrophilic/oleophilic 
heteronetworks showed self-adaptive properties in different dis-
persion media, which appealed us to combine organogel and 
hydrogel to realize the resistance of swelling. Similarly, the 
surfaces of vegetables and fruits have thick epicuticular waxy 
layers to create a barrier to mass transfer, greatly slower the 

xxxx

1. Introduction

Soft and flexible hydrogels with high water contents show 
promise for use as implantable or wearable biomaterials. 

Adv. Funct. Mater. 2018, 1800793
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rate of water evaporation (drying), and maintain freshness.[10] 
Inspired by these observations from nature, researchers are 
aiming to improve the water retention and antiswelling prop-
erties of hydrogels by grafting hydrophobic compounds onto 
their surfaces. For example, Kamata et  al. reported a non-
swellable hydrogel by introducing hydrophobic thermorespon-
sive segments into a hydrophilic hydrogel polymer network.[8b] 
Meanwhile, Yao et  al. presented a strategy to superhydropho-
bize a hydrogel surface by modifying hydrophobic groups or 
polymers. The introduction of hydrophobic compounds has 
improved the properties of hydrogels in various ways; how-
ever, there is still great potential for reducing swelling and 
increasing water retention. Achieving both at the same time 
would be especially valuable.

In this work, we aim to design a hydrogel that is covered by a 
hydrophobic, elastic organogel layer, to maintain the high water 
content, porosity, and soft consistency of the 
hydrogel, as well as the hydrophobic and 
swell repellency of the organogel. Although 
there are a few reports that organogels can 
be successfully attached to hydrogel sur-
faces by direct copolymerization of layered 
prepolymer, or rapid adhesion based on 
dynamic covalency, challenges still remain, 
such as building proper structures to achieve 
water retention and nonswelling of hydro-
gels simultaneously in practical applica-
tion. Herein, we report a simple yet versatile 
strategy for coating synthetic hydrogels with 
organogels, creating organogel–hydrogel 
hybrids with extremely robust properties. By 
successively introducing double bonds onto a 
hydrogel surface, organogel–hydrogel hybrids 
were obtained by copolymerizing organogel 
monomers with the double bond groups. As 
the fabrication process is quite simple, this 
method can be widely applied to a diverse 
range of commonly used organogels and 
tough hydrogels. The as-prepared organogel–
hydrogel hybrids address the previously men-
tioned challenges, as they achieve excellent 
antiswelling and long-lasting water retention 
properties simultaneously, with the addi-
tional properties of being semitransparent 
and elastic. The prepared hybrids also exhibit 
reversible control of the mobility of water 
droplet and light transmission changes. In 
addition, with the combined internal water 
absorption and the external water resistance, 
the prepared hybrids have potential practical 
applications in printing, liquid motion con-
trol, and 2D to 3D transformation. The cur-
rent study not only presents a simple and 
versatile method for the large-scale manufac-
ture of robust organogel–hydrogel hybrids, 
but also proposes applicable functions such 
as printing and dimensional transformations, 
which may shed light on preparing biomed-
ical devices.

2. Results and Discussion

2.1. Fabrication of Organogel–Hydrogel Hybrids

Although organogels and hydrogels are used separately in many 
technological applications, there is still an urgent need for 
organogel–hydrogel hybrids because of their complementary 
wettability performance. Herein, we developed a simple method 
for fabricating organogel–hydrogel hybrids. The essential ideas 
are i) introduction of double bonds onto the hydrogel surface, 
to act as anchoring points for organogel copolymerization;  
ii) cross-linking copolymerization of the immobilized double 
bonds and organogel monomers. The detailed procedures are 
shown in Figure 1. Figure 1a,b presents the hydrogel compo-
nents and organogel components, respectively. Here, 2-hydrox-
yethyl acrylate (HEA) is chosen as the hydrogel monomer that 

Adv. Funct. Mater. 2018, 1800793

Figure 1.  Fabrication processes of organogel–hydrogel hybrids. a) The hydrogel components: 
common monomers, DMA, and clay nanosheets. b) The organogel components: common 
monomers (in orange ball) and cross-linking agent EGDMA (in gray). c–f) Preparation of 
organogel onto hydrogel surface: c,d) by reacting with acryloyl chloride, double bonds are 
introduced onto the hydrogel surface; e,f) organogel layer is prepared on the hydrogel surface 
by copolymerizing the organogel monomers with the double bonds.
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provides hydroxyl terminal groups as surface grafting sites for 
postgelation, and clay nanosheets (Laponite XLS) are used as 
the physical cross-linkers. The hydrogel is prepared by copo-
lymerizing N,N-dimethylacrylamide (DMA) with HEA. Then, 
by reaction with hydroxyl groups on the HEA (Figure S1, Sup-
porting Information), double bonds can be successfully intro-
duced onto the hydrogel surface (Figure 1c,d). The presence of 
double bonds was confirmed in the infrared spectra (Figure S2, 
Supporting Information). The peaks at 3000 cm−1 were iden-
tified as characteristics peaks of HC, which indicates that 
double bonds were successfully grafted onto the hydrogel. Sub-
sequently, the double bond-terminated hydrogel was immersed 
in paraffin oil containing organogel monomers, a cross-linking 
agent, and a photoinitiator to fabricate the organogel layer 
(Figure 1e,f). Due to the high water content (70–90  wt%) of 
the hydrogel, oil cannot penetrate it; therefore, the target func-
tional entities (such as the organogel monomers) can be con-
fined solely to the hydrogel surface. Finally, with the organogel 
monomers copolymerizing with each other and reacting with 
the double bonds, an organogel layer was formed and grafted 
onto the hydrogel surface (Figure 1f). Infrared spectrum 
was examined to test the modification state of organogel on 
hydrogel surface. As shown in Figure S2 (Supporting Infor-
mation), the peaks at 3000 cm−1 (CH) of hydrogel sample 
were replaced by 2958 cm−1 (CH3) on hybrid sample, and 
the peaks at 3380 cm−1 (OH) were disappeared on hybrid 
sample, can prove the surface grafting of organogel onto the 
hybrogel surface. In general, this reaction pathway is drastic, 
straightforward, and can be carried out under an ambient 
atmosphere without requiring an inert gas system. Further-
more, this approach has no particular requirement for the 
organogel monomer. Hence, almost all organogel monomers 
that can copolymerize with double bond 
groups are all suitable. In this work, we tried 
three different organogel monomers: butyl 
acrylate (BA), lauryl methacrylate (LMA), 
and methyl methacrylate (MMA), all of 
which were successfully synthesized onto a 
hydrogel surface (see Figure S4a, Supporting 
Information, for the chemical structures of 
LMA and MMA). Meanwhile, most hydro-
gels that contain hydroxyl as their terminal 
functional groups can be used. In this way, a 
variety of organogel-coated hydrogels can be 
fabricated according to different assemblies 
of hydrogel base and organogel monomers. 
Although hybrids with different organogel 
and hydrogel compositions can be produced 
by this strategy, this paper focuses on the 
properties of butyl acrylate-covered hydrogel 
(H-BA) as an example. Such a simple and 
versatile fabrication approach may broaden 
the application potential of hydrogels.

In addition, it was found that the thick-
ness of the organogel layer can be precisely 
controlled during the polymerization process 
of the organogel precursor. With artificial 
control of the distance between the hydrogel 
surface and the coverslip, the thickness of the 

organogel layer was varied from 20 to over 600 µm (Figure S3, 
Supporting Information). With controllable thickness of the 
organogel layer, the as-prepared hydrophobic organogel–hydrogel 
hybrids will have wide practical applications. Compared with the 
hydrogel layer, the modified organogel layer was expected to pro-
vide different wetting properties and surface morphology.

2.2. Wettability Performance of Organogel–Hydrogel Hybrids

2.2.1. Contact Angle of Organogel–Hydrogel Hybrids

Special wettability on hydrogel surfaces has been desired for a 
long time because of its usefulness in anti-biofouling,[16] con-
tact lenses,[17] etc. The hybrid produced in this study exhibited 
special wettability performance. Water contact angle (CA) is a 
convenient way to evaluate the wettability properties of surfaces. 
As shown in Figure 2a, the pristine hydrogel had a superhydro-
philic CA of about 0° that increased to 86° after BA organogel 
was copolymerized onto it. Similarly, other organogel–hydrogel 
hybrids, such as H-BA + LMA (butyl acrylate and lauryl meth-
acrylate cocovered hydrogel), H-BA + MMA (butyl acrylate and 
methyl methacrylate cocovered hydrogel), and H-LMA (lauryl 
methacrylate-covered hydrogel) demonstrated CAs of 80.1°, 
85.6°, and 94.6°, respectively (Figure S4b, Supporting Informa-
tion). In this case, according to the new hydrophilic/hydrophobic 
boundaries,[18] the modified hydrogel surface that contains the 
organogel layers are hydrophobic surfaces. Such hydrophobic 
performance was attributed to the low surface energy of the 
organogels, which further demonstrated that the process of 
modifying hydrophobic entities onto hydrogel surfaces is quite 
successful.[19] The stabilities of wettability performances are 

Adv. Funct. Mater. 2018, 1800793

Figure 2.  Wettability performance of the pure hydrogel and the organogel–hydrogel hybrid.  
a) Photographs of a water droplet deposited on hydrogels before (left) and after (right) 
organogel modification. b) A series of snapshots recording CA value changes within 20 min on 
the pure hydrogel surface. c) A series of snapshots recording CA value changes within 20 min 
on the organogel–hydrogel hybrid surface.
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also examined by measuring the time-dependant CAs on the 
surfaces of both the hydrogel and organogel–hydrogel hybrids 
within 20  min. As shown in Figure  S5 (Supporting Informa-
tion), CA decreased quickly in the hydrogel surface within 
about 3  min; while on the hybrid surface, the CA decreased 
from 105° to 90° within the first 3 min but slightly decreased 
to 80° during the remaining 17 min. The CA changes on hybrid 
surface can be mainly attributed to two factors. First, the lubri-
cant organogel surface makes the water droplet need time to 
spread and form a stable three-phase contact line, which causes 
the decrease of CA from 105° to 90° within the first 3 min. On 
the other hand, with the extension of time, evaporation is the 
main reason of CA decrease, which causes the slight decreasing 
of the CA. As shown in Figure 2b,c, the stability of the wet-
tability performances can be proved on organogel–hydrogel 
hybrid surface.

2.2.2. Controlling Mobility of Water Droplets on the Hybrid Surface

Adjusting fluidity is an interesting area of study for surface 
wettability control.[20] Dynamically manipulating the mobility 
of water droplets on the surface can be realized by continuous 

tuning of the film’s morphology.[21] By using soft solid materials 
as substrates, for example, hydrogels, there are further possibil-
ities for controlling fluids due to their superelastic properties,  
which can directly lead to topomorphological changes. The 
organogel–hydrogel hybrid prepared in this work has excel-
lent elasticity, which can induce surface geometry changes by 
bending and thus further controlling the fluid mobility. After 
dropping silicon oil onto the hybrid’s surface, the silicon oil 
spread over and covered the whole surface to form an oil-
infused elastic solid. The silicon oil on the surface of the 
organogel layer serves as a lubricating layer that allows water 
droplets to slide easily. However, the sliding mobility will be 
changed when applying a force to bend the sample (Figure 3a). 
Figure 3b demonstrates the sliding mobility of a water droplet 
on an undeformed substrate in which the droplet slides down 
the surface freely in about 2 s. Figure 3c shows the transfor-
mation between different mobility modes. The water droplet 
also slides down the relaxed hybrid surface in the initial stage 
but, when bending the sample, the sliding water droplet slows 
down and stops when the membrane is bent (Figure 3ci–v). In 
addition, the sliding of water droplets can be recovered after the 
stress is released, which means that the adjustment of mobility 
can be continuously cycled by repeating the bending and 
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Figure 3.  Dynamic control of water droplet mobility. a) The water droplet slides down the hybrid surface when the hybrid is in a relaxed state, while 
the water droplet is pinned firmly onto the surface when the hybrid is bending. The augmented pictures show the detailed structure of the hybrid 
surface, where the microscale roughness is increased while bending. Scale bars = 100 µm. b) Images of water droplets sliding off the hybrid surface. 
Scale bars = 1 cm. c) The mobility shifts between sliding and pinning by relaxing and bending the hybrid. Scale bars = 1 cm.
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releasing (Figure 3cvi–x). Comparing the topomorphologies of 
the substrate in the undeformed and bent states (Figure  3a), 
the microscale structure was enlarged when the organogel 
layer was stretched, at the same time the surface of the oil is 
decreasing, which finally affects the droplet sliding on the sur-
face. Basically, the upper organogel layer is a 3D network of  
polymer chains on the surface. Such 3D structures are 
deformed into larger sizes during the stretching process, 
causing them to firmly anchor the water droplet at the sur-
face. The 3D structures can be attributed to the precipitation 
polymerization, as the organogel is insoluble in paraffin oil and 
thus precipitates to create microstructures. Furthermore, as 
the 3D network of the organogel layer prepared in this work 
is in microscale/nanoscale, plays the role of storage of oil, 
the mobility control of tiny water droplet (1  µL) can be real-
ized. Therefore, due to changes in the surface structure during 
stretching, the material provides a simple and stimulus-respon-
sive method to tune water droplet mobility. Meanwhile, this 
transition from a smooth to a rough surface also causes light 
transmission changes. The infused organogel membrane turns 
from translucent into opaque while bending (Figure S6, Sup-
porting Information). The reason would probably be attributed 
to the redistribution of silicon oil on the augment 3D network 
of organogel and the partially filled network was filled with air, 
which effectively reduces the light scattering at the surface/air 
interface. Therefore, other than mobility of water droplets, the 
film’s optical transparency can also be adjusted by relaxing or 
bending the hybrid.

2.2.3. Augmenting the Hydrophobicity by Stretching the Hybrids

In addition to the long-term stable hydrophobicity mentioned 
above, the organogel–hydrogel hybrids also exhibit sustained 
hydrophobicity during stretching (Figure S7a, Supporting Infor-
mation). As hydrogel–elastomer hybrids are liable to be used 
in stretching conditions, we conducted CA measurements 
on stretching organogel–hydrogel hybrids. The as-prepared 
organogel–hydrogel hybrids showed constant hydrophobic CAs 
and intact surfaces throughout the entire stretching process; in 
addition, the CAs significantly increased from about 100.6° to 
110.0° after the material was stretched by 300% (Figure  4a,b). 
This hydrophobic shift could also be attributed to morphological 
changes during stretching (Figure S7b, Supporting Informa-
tion). When stretching the hybrid to 50% deformation, signifi-
cant microscale structure emerged (comparing with the original 
state), which can trap more air at the surface and stimulate 
increased hydrophobic performance. However, further stretching 
cannot arouse more CA augment, because the surface structure 
changing is not significant enough to change the CA value.

2.3. Robustness of Organogel–Hydrogel Hybrids

2.3.1. Mechanical Robustness of Organogel–Hydrogel Hybrids

The continuous coverage of the organogel layer on the hydrogel 
surface provides robustness, which can be demonstrated 

Adv. Funct. Mater. 2018, 1800793

Figure 4.  Wettability and mechanical properties of the organogel–hydrogel hybrid during stretching. a) The hydrophobic performance of the 
organogel–hydrogel hybrid in its initial state. b) The increased hydrophobic performance of the organogel–hydrogel hybrid in the 300% stretching 
state. c) Stress–strain curves of pure hydrogel and the organogel–hydrogel hybrids with different cross-linking agent concentrations. The percentages 
represent the cross-linking agent used during the formation of the organogel layers. The peaks circled in red are the break-points of the organogel layer. 
d) The fracture strain and fracture stress of the organogel–hydrogel hybrids with different cross-linking agent concentrations (the transverse ordinates 
of the fractured points in the Figure 4c).
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during deformation. In fact, after acetone and acid chloride 
treatment, the mechanical properties of the hydrogel are 
increased, because the dehydration leads to the expose of poly
mer network, which increases the fracture stress and fracture 
strain. Figure 4c shows the 600% stretching stress–strain 
curves for all kinds of hydrogel samples. This facilitates evalua-
tion of the fracturing properties of organogel–hydrogel hybrids, 
as well as the interfacial toughness of organogels bonded on 
hydrogel substrates. The peaks on stress–strain curves (circled 
in red in Figure 4c) represent the fracture of the organogel 
layer. It can be observed that the hydrogel layer did not fracture 
during such a high amount of stretching, but organogel layers 
were fractured and its tensile strength was greatly reduced by 
increasing the concentration of cross-linking agents. For better 
comparison, the detailed fracture stress and the fracture strain 
of the organogel layers with different cross-linking agent con-
centrations are shown in Figure 4d. As the cross-linking agent 
increases, the hybrid becomes more brittle, so the elongation 
at break and the fracture strength are relatively low. However, 
according to the actual fractured situation of the hybrids, the 
organogel layer did not peel off from the hydrogel surface, indi-
cating that the organogel–hydrogel interface remains intact 
without debonding during the entire stretching test, even after 
fracture of the organogel layer, which demonstrates the robust-
ness of organogel–hydrogel interfacial bonds. According to our 
experiments, in order to obtain high quality mechanical prop-
erties as well as robust interfacial bonds, the concentration of 
the cross-linking agent should be controlled within a low range. 
Indeed, when using a concentration of cross-linking agent that 
is within the optimal range (≈0.1–0.5  wt%), the as-prepared 
organogel–hydrogel hybrids exhibit excellent mechanical prop-
erties, with high tensile strength and maximum stretchable 
deformation of more than 300%. We studied the stretching 
cycle of H-0.5%BA (H-BA hybrid with 0.5  wt% cross-linking 
agent; similar notation is used for other hybrids) in detail. 
Samples were stretched 300%, and then allowed to return to 
their original size. Digital and optical microscopy images 
(Figure 4a,b) show that this stretching cycle can be conducted 
without causing any obvious damage to the surface. Therefore, 
the as-prepared organogel–hydrogel hybrids exhibit robust 
properties such as high mechanical strength, robust interfacial 
bonds, and reusability.

2.3.2. Nonswelling Property of Organogel–Hydrogel Hybrids

The robust organogel–hydrogel hybrid we created has proper-
ties that exceed those of pure hydrogel or organogel systems, 
prompting us to further explore its excellent properties and 
potential applications. Covered by a tough organogel layer, the 
hydrophilic performance of the hydrogel layer can be largely 
protected to achieve super-stable properties such as non-
swelling (a schematic illustration of the mechanism is shown in 
Figure 5a). Accordingly, nonswelling tests were carried out by 
immersing hydrogels in deionized water for a certain time and 
measuring changes in their mass. During the swelling process, 
the samples’ morphological changes were recorded by a digital 
camera. After swelling for 24 h, the volume of the pure hydrogel 
substrate increased greatly, while the organogel–hydrogel 

substrate remained almost the same (Figure 5b). The swelling 
ratio was accurately calculated by measuring the mass of the 
samples regularly by Equation (1) (Supporting Information), 
and the experiment was prolonged to 7 d duration (168 h). The 
pure hydrogel substrate swelled to its maximum swelling ratio 
of ≈350% within 12 h (Figure 5c). Meanwhile, the organogel–
hydrogel substrates remained at a very low swelling ratio after 
immersion in water for 7 d. This excellent nonswelling property 
provides the as-prepared organogel–hydrogel strong repellency 
in water systems, which could be useful for in vivo applications.

2.3.3. Water Retention Capacity of Organogel–Hydrogel Hybrids

Similarly, the construction of organogel-covered hydrogel 
mimics mammalian skin or waxy layer of plant leaves, in which 
the epidermis protects the body from dehydration (as schemed 
in Figure 5d). Therefore, water retention capacity tests were 
carried out by keeping the samples in a chamber with 10% 
relative humidity (RH) at 22  °C. The morphological changes 
in the samples were recorded by a digital camera. After 48 h 
of dehydration, pure hydrogel shrunk greatly and became stiff; 
whereas organogel-covered hydrogel only shrunk slightly and 
maintained an elastic surface (Figure 5e). This indicates that 
water evaporates much more slowly in the organogel–hydrogel 
hybrid system. To accurately evaluate the water loss of the 
hydrogel samples, their masses were recorded at time inter-
vals using an electronic scale. Figure 5f shows the dehydration 
ratio (calculated by the Equation (2), Supporting Information) 
over time for pure hydrogel and organogel–hydrogel hybrids 
with various concentrations of cross-linking agent. The sam-
ples were also kept in a chamber at 10% RH and 22 °C, and 
the experiment time was prolonged to 7d (168 h). With time, 
all hydrogels exhibited dehydration to various degrees. Water 
loss occurred at a gradually increasing rate and then reached 
a steady-state threshold where no more water evaporated. The 
pure hydrogel lost water dramatically and reached its threshold 
at 12 h, with dehydration of more than 60%. By contrast, the 
organogel–hydrogel hybrids exhibited a very low rate of water 
loss within the first 96 h which remained nearly the same until 
the end of the experiment (168 h), with total dehydration of 
less than 15%. However, there were no serious differences 
between organogel–hydrogel hybrids prepared with various 
cross-linking agent concentrations. As the water retention 
threshold was reached at about 96 h, it is believed that a high 
ratio of water (more than 85%) will be retained by organogel–
hydrogel hybrids indefinitely. Therefore, with an organogel 
coating, the water retention capacities of hydrogels can be 
greatly improved and their dehydration ratios maintained at 
very low levels. Thus, the organogel coating not only affords 
hydrogels a nonswelling ability, but also an excellent water 
retention capacity.

As all the organogel–hydrogel hybrids exhibited high water 
retention and good nonswelling qualities irrespective of the 
cross-linking agent concentrations, the organogel covering is 
the crucial aspect of these special properties. In a hydrogel, 
water molecules are distributed equally in the interior and 
on the surface, and are free to transfer between the hydrogel 
and the external environment. However, in hydrogels with 

Adv. Funct. Mater. 2018, 1800793
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organogel coatings, the organogel layer tightly wraps the 
hydrogel, forming a barrier to water transfer (as illustrated in 
Figure 5a,d). Although the organogel-coated hydrogel main-
tains the same semitransparent and flexible properties as 
uncoated hydrogel, the organogel layer provides protection 
against dehydration.

2.4. Printing Application of Laser-Etched Hybrids

According to their nonswelling and water retaining proper-
ties, organogel–hydrogel hybrids are substrates with excellent 

internal hydrophilic and external hydrophobic characteristics. 
To demonstrate this by experiment, we compared samples of 
pure hydrogel with the organogel–hydrogel hybrid by painting 
water-soluble ink evenly onto their surfaces. With pure 
hydrogel, the ink was absorbed and covered the entire surface 
quickly (Figure 6a). By contrast, the organogel–hydrogel hybrid 
showed outstanding liquid resistance, with the ink droplet com-
pletely washing of the surface (Figure 6b). Therefore, the inner 
part of the hybrid, composed of pure hydrogel, can absorb 
water easily, while the external organogel layer prevents water 
from entering. Such extreme inner hydrophilicity and excellent 
outer hydrophobicity enables these organogel–hydrogel hybrids 

Adv. Funct. Mater. 2018, 1800793

Figure 5.  Antiswelling and water retention of the organogel–hydrogel hybrid. a,d) Schematic illustration of the antidehydration and water retention 
of the hybrid. An organogel layer robustly bonded to the hydrogel can effectively prevent water penetration into or evaporation from the hydrogel. 
b) Snapshots of hydrogel and the organogel–hydrogel hybrid taken at the initial time and after being immersed in water for 24 h. e) Snapshots of 
hydrogel and the organogel–hydrogel hybrid taken at the initial time and after being naturally dehydrated under the ambient testing conditions 
(10% RH and 22 °C) for 24 h. The organogel–hydrogel hybrid does not show any significant change after 24 h of immersion or dehydration, whereas 
pure hydrogel shows noticeable changes after being immersed in water or naturally dehydrated for 24 h. c,f) When the testing time was prolonged to  
7 d, the organogel–hydrogel hybrid still shows weight change less than 15% while the hydrogel without an organogel coating swells by more than 300% 
or shrinks by more than 60% of its original weight.
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to be used as printing templates (Figure 6c). In addition, by 
laser etching, the organogel layer can also be remodified to 
achieve efficient reusability of the substrate. The printing exper-
iment is just one example of a potential application for our 
organogel–hydrogel hybrids, which will undoubtedly prompt 
many innovations.

2.5. Shape Deformation of Organogel–Hydrogel Hybrids

According to the different swelling ratios of the organogel 
and the hydrogel, the structure can be transformed from 2D 
to 3D. A bilayer organogel–hydrogel hybrid consisting of one 
layer of hydrogel and one layer of organogel was fabricated. 
When the bilayer hybrid was immersed in dyed water, the 
hydrogel layer absorbed a large amount of water, leading to 
a significant volume expansion, whereas the organogel layer 
remained almost its original volume (Figure 7a). Thus, the 
bilayer hybrid became curved due to the nonuniform stress 
distribution of the binary cooperative complementary effect 
of the hydrogel and the organogel networks (Figure 7b). 
Based on this principle, complicated shapes can be fabri-
cated. For example, when the bilayer hybrid is tailored into a 
flower shape, a flower bud structure is obtained after swelling 
(Figure 7c). When the hydrogel layer is cut into a flower 
shape while the organogel layer remains a circle, a blooming 
flower structure is obtained after swelling (Figure  7d). With 
the concept of organogel–hydrogel bilayer hybrid, complex 
3D deformations, such as combination structures of bending/
unbending and expansion/contraction, can be achieved 

simply by controlling the area or the shape of hydrogel or 
organogel layers.

To organogel fully covered hydrogel, laser is used as an 
assistance to etch patterns on hybrids. With laser etching, the 
hybrid can be etched into two regions: the etched region with 
the hydrogel exposed on the surface and the unetched por-
tion that is covered by the organogel. When the etched hybrid 
is immersed in water, the etched and unetched regions show 
different swelling/nonswelling properties, causing an in-plane 
stress that can drive shape deformations from a 2D flat film 
into a 3D structure (Figure 7e). By etching a circle pattern on 
the hybrid, we can obtain a cap-like buldge on top of the hybrid 
(Figure 7f). Also, when we etched circles onto both sides of the 
hybrid surface alternately, wavy-like buldges can be obtained 
(Figure 7g). Sophisticated 3D deformations can also be 
achieved by control the etching area or the shape of organogel 
layers. Because of the different hydrophobic and hydrophilic 
regions of the hybrids formed by laser etching technique, it is 
assumed that the deformation rate and degree of the hydrogels 
can be precisely adjusted. In this case, with purposeful design 
of the etching architecture, the swelling/nonswelling regions of 
the hybrid could be precisely controlled to develop a program-
mable shape of deformations.

3. Conclusion

In this work, we presented a facile and versatile method of 
fabricating organogel-covered hydrogels with robust proper-
ties, merely by copolymerizing organogel monomers with 

Adv. Funct. Mater. 2018, 1800793

Figure 6.  Different dyeing absorption performances of the hydrogel and the organogel–hydrogel hybrid, and the printing application. a) Water-soluble 
dyes can be absorbed and cover the entire pure hydrogel surface quickly. b) The water-soluble dyes can be completely washed from the surface of 
the organogel–hydrogel hybrids. c) The printing process of the as-prepared organogel–hydrogel hybrids. The organogel–hydrogel hybrid was treated 
by laser to fabricate special characters (for example, AFM) on the surface. After laser treatment, the organogel layer is etched off, resulting in the 
hydrophilic hydrogel being exposed on the surface. Water-soluble dyes (ink, for example) were dropped onto the surface and absorbed quickly by 
the hydrophilic etching area, but the nonetching area showed resistance of dyeing because of its hydrophobic organogel layer. The ink absorbed by the 
organogel–hydrogel hybrid was further pressed on paper and showed the characters successfully. Scale bars = 4 mm.
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immobilized double bonds on the hydrogel surface. Most 
importantly, the proposed strategy does not rely on the special 
intrinsic wettability of monomers, which makes it applicable 
to an extensive range of hydrogels and organogels. The results 
demonstrated that sustainable hydrophobicity was achieved 
on the outer organogel surface while superhydrophilicity was 
retained inside. Therefore, the as-prepared organogel–hydrogel 
hybrids exhibited excellent antidehydration and water retention 
properties simultaneously. The potential applications such as 
printing and 2D to 3D deformation were used to demonstrate 
the advantages of the outer hydrophobicity/inner hydrophi-
licity of our organogel–hydrogel hybrid material. The simul-
taneous antiswelling/water retention properties of our robust 

organogel–hydrogel hybrids may prove 
useful in various applications, particularly in 
biomedical devices deployed in physiological 
environments, such as intravascular stent 
and tissue filling.

4. Experimental Section
Materials: HEA was purchased from Aladdin 

Ltd. (Shanghai, China). DMA, LMA, and acryloyl 
chloride were bought from J&K Chemical Ltd. 
2,2-diethoxyacetophenone (DEOP), triethylamine, 
perylene red, and EGDMA were obtained from 
TCI (Shanghai, China). Acetone, ethyl acetate, and 
1,2-dichloroethane were from the Beijing Chemical 
Reagent Co., Ltd. Paraffin oil was supplied by 
Sigma-Aldrich (Shanghai, China). Laponite XLS was 
purchased from Rockwood Ltd. BA was obtained 
from Sinopharm Group Chemical Reagent Co., Ltd. 
MMA was purchased from Alfa Aesar. All reagents 
were used as received. The water used throughout 
all experiments was purified through a Millipore 
system.

Preparation of Hydrogel: A typical precursor 
was as follows: HEA (4 wt% of the total solution), 
DMA (16  wt% of the total solution), and clay 
nanosheets (Laponite XLS; 7  wt% of the total 
solution) were dissolved in deionized water, then 
0.5  wt% of the photoinitiator DEOP was added. 
Subsequently, the as-prepared precursor was stirred 
by a defoaming mixer to make sure all components 
were evenly dispersed. The stirred precursor 
was placed onto a clean glass plate and covered 
with a clean coverslip. The thickness between the 
glass plate and coverslip was controlled by adding 
1  mm silicone gasket on both sides. Transparent 
hydrogel was obtained after UV irradiation 
(wavelength ≈ 365 nm) was applied for 10 min.

Modification of Acryloyl Chloride on Hydrogel: The 
hydrogel was first rinsed in acetone (CH3COCH3) to 
dehydrate it for 30 s, in order to avoid the vigorous 
reaction between acryloyl chloride and water. Then 
the hydrogel was immediately immersed in ethyl 
acetate with a certain amount of triethylamine, 
followed by addition of acryloyl chloride drop-wise 
under stirring (acryloylchloride:ethyl acetate ratio 
was 1:3 by volume). The hydrogel was rinsed with 
water and dried by nitrogen flow before further use.

Preparation of Organogel–Hydrogel Hybrids: The 
pregel solution was prepared by mixing organogel 
monomers (60  wt% of the total solution), cross-

linking agent EGDMA (adjusted from 0.1, 0.5, 1, 5, and 10  wt% of 
the organogel monomers) and photoinitiator DEOP (0.2  wt% of the 
organogel monomers) into the solvent, paraffin oil (40 wt% of the total 
solution). The organogel monomers were varied between pure BA,  
a 1:1 mixture of BA and LMA, a 1:1 mixture of BA and MMA, and 
pure LMA. After placing the acryloyl chloride-modified hydrogel onto  
a clean coverslip, organogel pregel solution was added to the hydrogel, 
and then covered by a clean coverslip. The thickness between the two 
coverslips was also controlled by adding 1  mm silicone gaskets and 
slides on both sides. UV irradiation was applied for 15 min to complete 
the polymerization, and the organogel–hydrogel hybrids were prepared.

Water Contact Angle Measurement of Gel Surfaces: Water contact 
angles were measured on a video-based optical contact angle measuring 
system (OCA40 Micro, Dataphysics Instruments GmbH, Germany) at 
ambient temperature. The water droplets were all about 2 µL and placed 

Q4

Figure 7.  Shape deformation from the 2D laser-etched organogel–hydrogel hybrids to complex 
3D structures. a) The schematics of the deformation mechanism of the bilayer organogel–
hydrogel hybrid. b) The bilayer organogel–hydrogel hybrid gradually deformed into a curved 
structure when swelling in water. c) A flower bud structure that deformed from flower shaped 
bilayer hybrid. d) A blooming flower structure deformed from the bilayer hybrid which com-
posed of the flower shaped hydrogel layer and the circle shaped organogel layer. e) The sche-
matics of the deformation mechanism of fully covered organogel–hydrogel hybrids. f) The 
hemispherical bulge structure deformed from organogel–hydrogel hybrid with circle pattern 
etched on the surface. g) 3D shapes formed from the hybrid with circle patterns etched on both 
sides of the surface alternately. Scale bars = 1 cm.
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carefully onto the gels in the air. The average value of ≥5 measurements 
performed at different positions on the same sample was used as the 
contact angle.

Measurement of Organogel Layer Thickness: The fluorescent dye 
perylene red was used for staining the organogel layer. It was first 
dissolved in dichloromethane to form a solution of concentration 
10−6  mol L−1, then dripped onto the organogel–hydrogel hybrids. After 
complete evaporation of dichloromethane, the perylenered solution 
was dripped again. After 5 cycles of dripping and evaporation, the 
organogel–hydrogel hybrid was considered to be completely dyed. The 
dyed organogel–hydrogel hybrid sample was sectioned and the thickness 
of the dyed organogel layer was measured under a microscope.

Characterization: The chemical composition was analyzed by Fourier 
transform infrared spectroscopy (AVATAR360, Tianjin Gangdong 
SCI & Tech. Development Co. Ltd., China). The mechanical properties 
were measured by an electronic universal testing machine (UTM4103, 
Shenzhen SUNS Technology Stock Co. Ltd., China) at a stretching speed 
of 10 mm min−1. Images were obtained with a digital SLR camera (Canon 
EOS70D). The laser was generated by a nanosecond pulse laser device 
(LSC20 CO2, Wuhan Huagong Laser Engineering Co. Ltd., China).

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