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In this work, we report the development of an innovative energy dissipative hydrogel. The hydrogel is con-
structed by assembling liquid nanofoam, composed of hydrophobic nanoporous particles and water molecules,
into the polyacrylamide (PAM)-based hydrogel network. Under the hydrostatic loading condition, water mole-
cules are activated and forced into the hydrophobic nanopores. Due to the large surface area of HNPs, substantial
mechanical energy is converted into solid-liquid interfacial energy and finally mitigated as heat during liquid

flow process. With 1 wt% addition of nanoporous particles, the volumetric energy mitigation capacity of the LN-
hydrogel can increase by 300%. Such hydrogel system provides a new paradigm for the design of energy
dissipative hydrogels and holds great promise to tissue engineering and regenerative medicine applications.

1. Introduction

Cartilage damage and associated arthritis cause tremendous health
and economic burdens to more than 21% of adults in the United States
[1-3]. As innately lacking of energy mitigation capability of natural
articular cartilage, daily activities impose substantial hydrostatic pres-
sure on joints [4,5], and eventually lead to loss of joint motion, defor-
mity, apoptosis, and inflammation [6-9]. To repair the defective
articular cartilage, advanced biomaterials are in great demand. Due to
extraordinary biocompatibility, high water content, and large porosity,
synthetic hydrogels are appealing biomaterials for cartilage tissue re-
generations [10-13]. However, existing hydrogels and their composites
only dissipate energy under uniaxial loading [14-16] not hydrostatic
pressure, the real loading condition of articular cartilage. Under hy-
drostatic loading conditions, hydrogels are usually considered as
incompressible [17]. In addition, for long-term stability of repaired
cartilage, fracture under hydrostatic pressure is destructive and an
inappropriate energy mitigation mechanism. To the best of our knowl-
edge, there is no report on energy mitigation mechanism of hydrogels
under hydrostatic pressure.

The recent developed liquid nanofoam (LN) system, a highly
compressible fluid system, has shown high energy mitigation capacity
[18-20]. The energy mitigation mechanism is based on pressurized
liquid flow in hydrophobic nanopores. In a typical LN system, hydro-
phobic nanoporous particles (HNPs) are suspended in a non-wettable
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liquid. Due to the capillary effect, liquid molecules are initially
blocked at the hydrophobic nanopore entrance. When an applied
external pressure is sufficiently high, the capillary effect is overcome
and liquid molecules are forced into nanopores. Such process is referred
to as liquid infiltration process, which mitigates large amount of me-
chanical energy into heat [18]. Instead of devastating the hollow
structure, the efficient energy mitigation mechanism of LN is based on
filling the nanopores by liquid molecules at pre-determined pressure
[21]. In addition, the energy mitigation mechanism of the LN system is
self-recoverable [22,23], which is vital for the development of cartilage
substituting hydrogels.

By incorporating HNPs into hydrogel network, the liquid infiltration
mechanism has the potential to functionalize the large amount of water
confined in the hydrogel polymer network for energy mitigation under
hydrostatic pressure. Please note that such energy mitigation mecha-
nism is dominated by the liquid-nanopore interaction. Therefore, well-
designed and elaborated preparation methods for strong polymer
network structures are favorable but not necessary. For biomedical ap-
plications, good biocompatibility of HNPs is essential, which has been
demonstrated in literature [24,25]. In current study, a single-network
hydrogel impregnated with HNPs, denoted by LN-hydrogel, has been
prepared and characterized under hydrostatic compression tests.
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Fig. 1. (a) Schematic of hydrophobic surface treatment for HNPs. (b) Schematic of one-pot free-radical synthesis of LN-hydrogel synthesis. (¢c) The experimental
setup for hydrostatic compression tests on LNs and LN-hydrogels. (d) Typical liquid infiltration mechanism and the constitutive mechanical behavior of different LNs.

2. Experimental procedure

To synthesize the LN-hydrogel, HNPs were prepared through surface
modification. As shown in Fig. 1a, chloro(dimethyl)octylsilane (C8) was
used as surface modification agent to graft a thin layer of silyl groups
onto nanoporous silica gel spheres (SP120), as reported in our previous
work [18]. The average pore size and particle size of the obtained HNPs
(C8-SP120) were 120 A and 10 pm, respectively. Then, C8-SP120 par-
ticles were mixed with polyacrylamide (PAM) aqueous precursor. To
improve and stabilize the dispersion of C8-SP120, surfactant Pluronic®
F127 was added into the aqueous mixture. After stirring for 1 h, the
homogenized mixture was polymerized through the one-pot free-radical
method (Fig. 1b). The resulted LN-hydrogels were fully swollen in
deionized (DI) water before tests. Neat polyacrylamide (PAM) hydrogels
were prepared by the same method and used as reference sample. The
preparation procedure and characterization methods are detailed in
Supplementary Information.

3. Results and discussion

Fig. 1c depicts a lab-customized quasi-static compression chamber,
designed to characterize the liquid infiltration behavior of LNs. Two
movable stainless-steel pistons are employed to seal LN specimens. The
representative constitutive mechanical behavior of C8-SP120 in DI
water and F127 aqueous solution are shown in Fig. 1d. For both LN
systems, the initial elastic part of the loading curve is associated with the
hydrostatic pressure build-up in the liquid phase, as the hydrophobic
nanopore surface of C8-SP120 inhibits the liquid infiltration. For DI
water-based LN, when the applied external pressure increases to 13
MPa, the slope of the loading curve suddenly decreases, indicating that
the capillary effect at the hydrophobic liquid-nanopore interface has
been overcome and liquid molecules are driven into the hydrophobic
nanopores [20]. This critical pressure point is defined as the infiltration
pressure (Pj,). Following the classic Young-Laplace equation, Pj, = 2y/r,
where y is the effective solid-liquid interfacial tension and r is the
effective radius of the nanopore [18]. The value of Py, is determined as
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Table 1
Effective solid-liquid surface tension of C8-SP120-based liquid nanofoams con-
taining different liquid phases.

Liquid Phase P y
Water 13 MPa 39 mN/m
F127 solution 6 MPa 18 mN/m

the pressure at which the slope of the initial elastic loading curve re-
duces by 50%. Thereafter, a pressure plateau associated with the liquid
infiltration process is observed. Due to the nanopore size distribution,
liquid molecules start to fill larger nanopores and require additional
pressure to enter smaller nanopores with the progress of liquid infil-
tration [19]. Therefore, the pressure plateau is not perfectly flat. The
total width of the pressure plateau (4Vy) is 0.8 em®/g, which is equiv-
alent to the specific nanopore volume of C8-SP120. When the applied
hydrostatic pressure reaches 24 MPa, all the nanopores are filled with
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water molecules and the LN becomes elastic again. The ending point of
the infiltration plateau is defined at which the slope of the infiltration
plateau increases by 50%. Upon unloading, the pressure drops drasti-
cally, resulting in a highly hysteretic behavior of the LN.

With the additional F127, the liquid infiltration behavior is similar to
that of the DI water-based LN system. However, P;, and 4V, are reduced
by 52% and 9%, respectively. The F127 is a type of amphiphilic poly-
ethylene oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-
PEO) triblock copolymer [26]. On one hand, the dispersion of the hy-
drophobic C8-SP120 spheres in the aqueous mixture is promoted by the
hydrophobic interaction between the PPO block of F127 and the octyl
end groups attached to the outer surface of C8-SP120 [27]. On the other
hand, the hydrophilic PEO blocks of F127 reduce the surface tension of
the liquid phase [28]. Therefore, the effective solid-liquid surface ten-
sion, which is the combined surface tension of the nanopore wall and the
liquid phase in the nano-environment decreases and the P, of the LN
decreases from 13 MPa to 6 MPa. By following the classic Young-Laplace
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Fig. 2. SEM images of (a) C8-SP120 nanoporous sphere with a 10 pm diameter and open nanoporous network; (b-d) freeze-dried porous polymer network: (b) neat
PAM hydrogel, (¢) LN-hydrogel containing 2 wt% C8-SP120, and (d) LN-hydrogel containing 5 wt% C8-SP120.
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Fig. 3. (a) Constitutive mechanical behavior of LN-hydrogels under hydrostatic compression. (b) The energy mitigation capacity (E,) of the LN-hydrogels with

different loading.
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Fig. 4. Schematic of liquid infiltration process in PAM hydrogel network functionalized by surface-modified nanoporous particles.

equation, the effective solid-liquid surface tension is calculated and
listed in Table 1. The AV, reduction from 0.80 to 0.73 em®/g is attrib-
uted to the larger micelle size of F127 in aqueous solution (~6 nm) [29].
This is much larger than the van der Waals diameter of water molecules
(0.28 nm) [30], which limits the accessibility of the F127 solution to the
hydrophobic nanopore surface.

As shown in Fig. 2a, the open nanoporous network of C8-SP120,
which is essential for the liquid infiltration process, is observed under
scanning electronic microscope (SEM). The polymer networks of neat
PAM and LN-hydrogels are shown in Fig. 2b—d. Freeze-drying method is
adopted to remove the confined water and preserve the porous struc-
tures of the different polymer networks. The porous structure of neat
PAM hydrogels has pore diameters in the range of 5-20 pm. After the
introduction of C8-SP120, the porous structure of LN-hydrogel is slightly
changed. Most of the pores in the polymeric network still have a
diameter in the range of 5-20 pm, while the pores containing C8-SP120
spheres possess larger diameter (~40 pm). This is attributed to the hy-
drophobic nature of C8-SP120 spheres. The hydrophilic acrylamide
monomers are repelled away from C8-SP120 sphere during the poly-
merization process [31,32]. When the resulted polymer pockets are fully
swollen by water, together with the encapsulated C8-SP120, local LN
systems are formed in the LN-hydrogels. With increase loading fraction
of C8-SP120, both the number of polymeric pockets containing
C8-SP120 as well as the number of C8-SP120 spheres in a single poly-
meric pocket increase (Fig. 2d).

In order to evaluate the energy mitigation capacity of LN-hydrogels,
the mechanical behavior of LN-hydrogel under hydrostatic pressure has
been characterized. As shown in Fig. 3a, the neat PAM hydrogel un-
dergoes pure elastic deformation and recovery. Please note that the
initial concave section of the experiment is caused by system compliance
of the mechanical tester. Since the hydrogel is fully swollen in water, the
PAM network is nearly incompressible with a total volumetric strain
smaller than 5%. When the external pressure is removed, the deforma-
tion is completely recovered. Therefore, the PAM hydrogel has negli-
gible energy mitigation performance.

In contrast, the LN-hydrogels exhibit non-linear and highly hyster-
etic behavior. Once the applied hydrostatic pressure reaches 6.5 MPa, a
pressure plateau similar to that of the liquid infiltration extends the
deformability of the system (Fig. 3a). The initiation pressure of the
plateau is close but slightly higher than the Pj, of the F127 solution-
based LN system, which is due to the affinity between the polymer
chain and the confined liquid [33]. In addition, the width of the pressure
plateau is linearly proportional to the loading fraction of C8-SP120
spheres in the LN-hydrogels. The specific volume change of the
LN-hydrogels associated with the pressure plateau is around 0.70 cm®/g,
which is slightly smaller than the accessible pore volume of the F127
aqueous solution-based LN. These results demonstrate that the liquid

infiltration process has been successfully activated, and thus signifi-
cantly enhances the volumetric energy mitigation capacity (E,) of the
LN-hydrogels (Fig. 3b). With each 1 wt% additive C8-SP120, E, is
improved by 300%.

Please note, the energy mitigation mechanism is based on the non-
destructive liquid motion into the nanopores, the LN-hydrogels have
the potential to be further developed into repetitive energy absorbers
[22,23]. In addition, the liquid infiltration mechanism is independent
from the strain rate as reported in the previous study [19]. Although the
polymeric network of the hydrogel is viscoelastic and strain-rate sensi-
tive, the polymeric network only contributes ~10 wt% of the
LN-hydrogel. Therefore, the dynamic behavior of the LN-hydrogel under
hydrostatic loading condition is dominated by the liquid infiltration
mechanism and anticipated to be strain-rate insensitive.

The detailed energy mitigation mechanism of the LN-hydrogel is
illustrated in Fig. 4. The well-dispersed HNPs are surrounded by large
amount of water to form local LN systems in the polymeric pocket. Once
an applied external hydrostatic pressure reaches Py, of the encapsulated
LN, the liquid infiltration process is activated inside the polymeric
network. Correspondingly, the LN-hydrogel system has an enhanced
volume reduction and mitigates large amount of mechanical energy. The
polymer chains are relaxed during the liquid infiltration process, which
is beneficial to preventing fracture. The embedded HNPs functionalize
the major component of hydrogel systems, i.e. the confined liquid with
up to 90 wt% in the material, for energy mitigation.

4. Conclusions

A hydrogel system that is capable of mitigating energy under hy-
drostatic compression has been developed by the incorporation of HNPs
into PAM hydrogel network. Compare to the neat hydrogel, which has
negligible energy mitigation capacity, the LN-hydrogels exhibit much
enhanced energy mitigation capacity under hydrostatic compression.
Such enhancement originates from the liquid infiltration energy miti-
gation mechanism of encapsulated HNPs in the polymeric network. In
such way, the ultrahigh amount of water confined in hydrogels is
functionalized by the HNPs for energy mitigation. This new energy
mitigation mechanism holds great promise to improve the mechanical
properties and durability of the next generation biomaterials for tissue
regeneration.
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