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Enhancing hydrogel toughness by uniform cross-
linking using modified polyhedral oligomeric
silsesquioxane
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The use of macro cross-linkers is one of the most effective approaches for developing tough

hydrogels. However, the presence of uneven cross-linking and the resulting hydrogel inho-

mogeneity restrict further improvement. Here, we achieve uniform cross-linking by

employing polyhedral oligomeric silsesquioxane (POSS)-grafted acrylated polyethylene glycol

(PEG) as a cross-linker to enhance the toughness of hydrogels. The nano-sized hard silica

core of POSS facilitates energy dissipation, and its dissolved form ensures uniform cross-

linking through molecular-level dispersion. The peripheral acrylate groups introduce multiple

interacting points, and the physical entanglements of long-chain PEG contribute to enhanced

toughness. Incorporating acrylated POSS-PEG into polyacrylamide hydrogel yields enhanced

properties such as toughness of up to 6531 kJ m−3 and break elongation up to 9455%, where

the length of PEG chains grafted onto POSS is demonstrated to play a crucial role in facil-

itating energy dissipation and achieving high toughness.
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The successful practical applications of hydrogels in fields
like tissue engineering and drug delivery have prompted an
increasing shift towards the development of highly tough

hydrogels for real-world utilization1–4. Hydrogels generally
exhibit poor mechanical properties compared to polymer resins
due to their high-water content and inhomogeneity, and their
mechanical performance is influenced by factors such as the
structure of the polymer network, chemical composition, and
cross-linking density5. Hence, numerous approaches have been
developed to optimize these factors, with the cross-linking strat-
egy being recognized as one of the most effective techniques for
introducing energy dissipation and achieving high toughness in
hydrogels6–10.

Conventionally, molecular chemical cross-linkers have been
employed in hydrogels to achieve mechanical stability and con-
trolled swelling behavior11. For example, in biomedical applica-
tions of polyacrylate hydrogels, molecular cross-linkers like
diethylene glycol diacrylate (DEGDA), poly(ethylene glycol)
diacrylate (PEGDA), and N,N’-methylenebis(acrylamide)
(MBAA), tetraethyleneglycol dimethacrylate (TEGDMA) have
been widely utilized12–14. However, small molecule cross-linkers
exhibit less physical entanglement within the polymer chains,
resulting in weak hydrogels with limited mechanical properties.
In recent years, macro cross-linkers, such as silica and graphene
have gained popularity in the toughening of hydrogels due to
their ability to be easily functionalized on the surface and cova-
lently cross-linked into the polymer chains at the nano-/micro-
meter scale15,16. The resulting hydrogels exhibit high extensibility
and resilience as the stiff core of the cross-linker can enhance
toughness through inducing microcracking or crack deflection
while the surface-grafted polymer chains can help to distribute a
significant portion of the applied energy through a dynamic
cross-linking17,18. The use of macro cross-linkers, on the other
hand, can result in uneven cross-linking within the hydrogel
network because of their large size. Macro cross-linkers induce
dense cross-linking in their vicinity, while other regions may
exhibit lower cross-linking density19. Additionally, high loading
of macro cross-linkers leads to aggregation and a poor degree of
dispersion, resulting in the non-uniform distribution of applied
force within the hydrogel. As a consequence, this decreases the
overall mechanical properties20. Therefore, achieving uniform
cross-linking throughout the entire hydrogel matrix with a macro
cross-linker-like structure is crucial for maintaining consistent
mechanical properties as well as swelling behavior.

In the present work, we aim to achieve uniform cross-linking
by utilizing polyhedral oligomeric silsesquioxane (POSS), which is
the smallest form of hybrid silica-based materials, to construct the
smallest possible macro cross-linker core with grafted long-chain
polymers. POSS is a unique class of hybrid materials with a well-
defined nanostructure, three-dimensional (3D) configuration, and
customizable organic groups at the periphery21,22. Grafting
multiple long-chain acrylated polyethylene glycols (PEG) onto
POSS can result in a promising cross-linker that synergistically
enhances the toughness of hydrogel networks through multiple
mechanisms. First, the nano-sized hard and cage-like silica core
facilitates energy dissipation by acting as a rigid and reinforcing
component within the hydrogel. It helps to transfer stress within
the hydrogel by effectively redirecting the stress from the softer
regions of the hydrogel to the harder and more rigid silica core.
The rigid nature of the silica core enables effective stress transfer
and distribution, preventing localized failure in the hydrogel23–26.
In addition, the well-defined structure and ultra-small size of
POSS also offer significant advantages, as it can dissolve in
solution rather than disperse like nanoparticles27. This char-
acteristic ensures uniform dispersion of the POSS cross-linker at a
molecular level. Furthermore, the acrylate groups at the end of the

PEG chain introduce multiple interacting points. Last, the phy-
sical entanglements of the long-chain PEGs further contribute to
the enhanced properties. Our results showed that the incor-
poration of POSS-grafted acrylated polyethylene glycol (Ac-
POSS-PEG) within polyacrylamide (PAM) hydrogels led to an
exceptionally high toughness (up to 6531 kJ m−2), high elonga-
tion at break (up to 9455%), and high swelling capacity (up to
4425%), despite its high-water content of 60–70%. The molecular
length of acrylated PEGs on POSS has been demonstrated to be
crucial in enhancing gel formation and mechanical properties by
increasing the number of physical entanglements and promoting
the formation of a highly interpenetrating network within the
hydrogel. Our research reveals the significant impact of the
molecular length of the polymers grafted onto POSS on the
mechanical properties of hydrogels, a finding not previously
reported to our knowledge. Furthermore, this study highlights the
potential of the ultra-small-sized, well-defined structure of POSS
as a promising building block for grafting multiple reactive long-
chain polymers, thereby facilitating the formation of a highly
entangled and highly interpenetrating network, ultimately
toughening the hydrogel.

Result and discussion
Design of Tough Hydrogels through Ac-POSS-PEG Cross-
linker. We demonstrate the use of acrylated polyhedral oligo-
meric silsesquioxanes-polyethylene glycol (Ac-POSS-PEG) as a
cross-linker to initiate a highly entangled and highly inter-
penetrating polymer network, enhancing the toughness of
hydrogels. In the present work, acrylamide is used as a hydrogel
monomer, while Ac-POSS-PEG functions as a cross-linker
(Fig. 1a)28. The hydrogel specimens were fabricated by a 3D
printer with a resolution of up to 30 µm (Fig. 1b), and their resin
composition is described in the Experimental Section. The use of
Ac-POSS-PEG with a long PEG chain is expected to induce a
highly interpenetrating polymer network with numerous physical
entanglements and minimal chemical cross-links, as PEG’s long
molecular chains possess multiple interacting points through the
increased number of available segments for interactions (Fig. 1c).
The present approach maximizing physical entanglements while
minimizing chemical cross-linkers holds great potential for
improving the toughness of hydrogels, as it enables efficient
dissipation of energy29.

The photo-curing kinetics of PAM-Ac-POSS-PEG hydrogel
precursors was evaluated by photo-differential scanning calori-
metry (Photo-DSC) (Fig. 1d). After ultraviolet (UV) light
irradiation, all photo-DSC curves show an exothermic peak
corresponding to the photo-initiated radical polymerization of
hydrogel precursors30. Fig. 1d indicates that an increase in either
the Ac-POSS-PEG content or the PEG molecular weight leads to
a decrease in the reaction rate during the initial stage
(0.00–0.02 min). This finding suggests that an increase in either
the Ac-POSS-PEG content or the PEG molecular weight may
potentially induce more physical gelation, which can impede the
chemical cross-linking process and lead to a slower polymeriza-
tion rate. The physical gelation induced by Ac-POSS-PEG hinders
the mobility and accessibility of reactive sites on the polyacry-
lamide chains, causing the rate of chemical cross-linking to
decrease. As a consequence, the efficient reaction between the
polyacrylamide chains is affected, leading to a slower rate of
covalent bond formation and, subsequently a slower overall
polymerization rate during the initial stages of the reaction. In
line with previous reports, the physical entanglement of polymer
chains may potentially limit the accessibility of available reaction
sites, suppressing the polymerization rate31,32. Introducing longer
poly(ethylene glycol) (PEG) chains in Ac-POSS-PEG results in a
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more pronounced decrease in the polymerization rate, possibly
attributed to the significant formation of physical cross-links
caused by the extended PEG chains.

To gain further insights into the cross-linking strategy effect on
the mechanical performance of PAM hydrogels, different types of
cross-linkers were employed, and their mechanical properties and
microstructures are compared (Fig. 1e and f). In the absence of a
cross-linker, the cross-sectional scanning electron microscope
(SEM) image reveals a collapsed pore structure, typically
occurring during the freeze-drying process. The neat PAM
hydrogel, characterized by a loose network structure and low
cross-link density, is unable to maintain its 3D network. Despite
displaying an elongation of over 250%, the tensile strength of the

neat PAM hydrogel is lower than 35 kPa. A small molecular
cross-linker, N,N’-methylenebisacrylamide (MBA), was used at a
concentration of 2.5% (MBA-2.5%). The resulting hydrogel
exhibits a porous structure with pore diameters ranging from 5
to 35 μm. As expected, the hydrogel network becomes brittle and
significantly loses its flexibility29,33. Consequently, the PAM-
MBA-2.5% hydrogel demonstrates a brittle fracture behavior with
a relatively high tensile strength of 183 kPa and a low fracture
strain of 136%.

To further increase the length of the chemical cross-linker, we
employed 2.5% polyethylene glycol diacrylate with a molecular
weight of 750 g mol−1 (PEGDA-750-2.5%) as polymeric cross-
linker in the PAM hydrogel preparation, resulting in

Fig. 1 Fabrication of polyacrylamide (PAM) hydrogels. a chemical structure of acrylate-terminated polyhedral oligomeric silsesquioxane-polyethylene glycol
(Ac-POSS-PEG). b example of three dimensional (3D) printed specimens made from PAM-Ac-POSS-PEG hydrogels (Scale bar indicates 10mm). rhodamine B
was also added to this sample as a dye for the visualization of 3D-printed structures. c schematic representation of toughening mechanism by Ac-POSS-PEG.
d photo-differential scanning photo calorimetry (DSC) profiles of the polymerization of uncured polyacrylamide (PAM) hydrogels with varying contents of Ac-
POSS-PEG-1500 (top) and differing molecular weights of polyethylene glycol (PEG) (bottom). e and f a comparison of the tensile mechanical properties and
morphology of PAM hydrogels prepared using different cross-linkers at a cross-linker content of 2.5% (Scale bar indicates 200 μm).
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inhomogeneous porous structures and extremely brittle fracture
behavior. Similarly, employing unmodified octasilane POSS also
led to a degradation of the mechanical properties of the PAM
hydrogel due to its indissolubility. Additionally, we used
hydroxyl-terminated POSS-PEG-1500 at a concentration of
2.5% (POSS-PEG-1500-2.5%) as a cross-linker model with only
physical interaction. The results showed a significant improve-
ment in both tensile strength and elongation at break. The
hydrogel achieved values of up to 105 kPa for tensile strength and
746% for elongation at break. It is worth noting that hydroxyl-
terminated POSS-PEG-1500 does not possess any photo-cross-
linkable end groups. Therefore, its toughening effect primarily
arises from the physical entanglements of POSS-PEG, high-
lighting its remarkable potential for enhancing the mechanical
properties of hydrogels.

Surprisingly, PAM hydrogel cross-linked with acrylate-
terminated POSS-PEG-1500 at a concentration of 2.5% (referred
to as Ac-POSS-PEG-1500-2.5%) exhibits an exceptionally large
pore size ranging from 46 to 120 μm. This pore size is relatively
larger than that of typical chemical cross-linked PAM hydrogels
previously reported34–36. The PAM-Ac-POSS-PEG-1500-2.5%
hydrogel, despite having a large porous structure, exhibits
remarkable mechanical properties, with a tensile strength of 304
kPa, an elongation at break of 2,287%, and a tensile modulus of
520MPa. The superior mechanical properties observed in PAM
hydrogel using Ac-POSS-PEG as a cross-linker, compared to
PAM hydrogel using other previously discussed cross-linkers,
suggest a unique advantage of modified POSS as a hydrogel cross-
linker. This enhanced mechanical performance is attributed to the
benefits from small molecules of POSS core, as well as the macro
cross-linking by acrylate PEG side chains. The small size of the
POSS core enables its high dissolution in solution for uniform
dispersion at a molecular level, while the acrylate PEG side chains
on POSS contribute to physical entanglements and covalent
cross-linking within the hydrogel. As a result, the toughness of
the hydrogel is enhanced. Notably, when utilizing unmodified
octasilane POSS alone or PEGDA alone, there is no significant
enhancement observed in the mechanical properties of hydrogels,
in contrast to the combination of POSS with acrylate PEG side
chains. Significantly, the small size and presence of PEG chains
on the periphery of the POSS molecule enable good solubility in
aqueous solutions (Supplementary Fig. 1). This characteristic
ensures uniform cross-linking of the hydrogel, which is crucial for
achieving high-performance hydrogels.

Morphology and Swelling Behavior of PAM-Ac-POSS-PEG
Hydrogels. To elucidate the morphological characteristics of
PAM-Ac-POSS-PEG hydrogels, cross-sectional SEM images of
PAM hydrogel cross-linked with different content and molecular
weight of Ac-POSS-PEG are displayed in Fig. 2a. Hydrogels with
a higher content of Ac-POSS-PEG exhibited increased visual
opacity and generally displayed larger pore sizes with thicker pore
walls. The formation of these larger porous structures can be
attributed to the higher loading of Ac-POSS-PEG, which pro-
motes a denser structure through increased cross-linking. How-
ever, when the Ac-POSS-PEG content exceeded certain
thresholds (10%, 7.5%, and 1% for Ac-POSS-PEG with PEG
molecular weights of 200, 1500, and 3400 g mol−1, respectively),
we observed non-interconnected porous structures with low
porosity. This outcome is a result of the limited water solubility of
Ac-POSS-PEG in the hydrogel precursor solution. Excessive
loading induced aggregation of the Ac-POSS-PEG and leading to
inhomogeneous cross-linking. It is important to note that insuf-
ficient loading of Ac-POSS-PEG may not enough to form stable
3D gel structures. For instance, hydrogels made with a low

content of Ac-POSS-PEG, like PAM-Ac-POSS-PEG-200-0.5%,
PAM-Ac-POSS-PEG-200-1.5%, and PAM-Ac-POSS-PEG-1500-
0.5%, do not form stable hydrogel structures and can be dissolved
in water. On the contrary, the threshold can be decrease with the
increase of the size of the PEG polymer chain. A significantly
lower loading of Ac-POSS-PEG with large PEG molecular weight
can lead to a greater degree of physical entanglement of polymer
chains, which in turn promotes a higher degree of cross-linking
and enhances the gel formation. Supplementary Fig. 2 shows the
gel fraction as a function of Ac-POSS-PEG content with different
PEG molecular weights. Interestingly, higher PEG molecular
weights require significantly lower crosslinker concentrations to
achieve gel fraction. The critical gelation concentrations for Ac-
POSS-PEG with PEG molecular weights of 200, 1500, and
3400 g mol−1 were found to be 2.5%, 1.0%, and 0.5%, respectively.
The results suggest that longer PEG molecular lengths lead to
more physical entanglements, due to the increased number of
available segments for interactions with other molecules, facil-
itating the easier formation of a stable gel. Furthermore, Sup-
plementary Fig. 3 illustrates that at a fixed cross-linker
concentration of 2.5%, increasing the PEG molecular weight on
POSS leads to a higher glass transition temperature (Tg) of the
hydrogel, implying the presence of physical entanglements that
restrict the movement of polymer chains and contribute to the
observed Tg increase37. At an optimum concentration of Ac-
POSS-PEG, the SEM images of PAM-Ac-POSS-PEG hydrogels
show a very uniform porous morphology, which is likely due to
the well-dissolved POSS cross-linker. This structure may facilitate
the formation of a more interconnected network with better
packing and distribution within the hydrogel matrix, resulting in
a hydrogel with a consistent and organized porosity.

Fig. 2b illustrates the swelling ratio of various PAM hydrogels
in deionized water at room temperature. It is noteworthy that the
PAM hydrogel without any cross-linker lacks a gel fraction.
Incorporating Ac-POSS-PEG-1500 at more than 1.5% success-
fully prevented hydrogel networks from dissolution and destruc-
tion, as observed in Fig. 2c. This result confirms the improved
stability of hydrogel networks by POSS-PEG-1500. The PAM-Ac-
POSS-PEG-1500-1.5% hydrogel displays the highest swelling
ratio of 4,349% due to its relatively loose structure as shown in
Fig. 2a. As expected, when the content of Ac-POSS-PEG-1500
increases, the swelling ratio of PAM hydrogels gradually
decreases. This is attributed to the higher Ac-POSS-PEG-1500
content, which enhances cross-linking density, causing a denser
network structure and stiffer mechanical properties. In addition,
the molecular weight of PEG in Ac-POSS-PEG is another critical
factor that significantly impacts the swelling behavior of
hydrogels. From Fig. 2d, it can be observed that an increase in
the molecular weight of PEG results in a substantial reduction in
the swelling ratio of hydrogels. This can be attributed to the
formation of a more interpenetrating polymer network due to an
increase in physical entanglements and hydrogen bond interac-
tions between polymer chains. It is worth noting that the figure
does not include the swelling ratio of hydrogels that completely
dissolved after being soaked in water for 18 h. The minimum
cross-linker content required to achieve a gel fraction is 2.5%,
1.5%, and 0.5% for Ac-POSS-PEG-200, Ac-POSS-PEG-1500, and
Ac-POSS-PEG-3400, respectively.

Mechanical Properties of PAM-Ac-POSS-PEG Hydrogels. The
tensile mechanical properties of various PAM-Ac-POSS-PEG
hydrogels are displayed in Fig. 3. From Fig. 3a, it can be seen that
the PAM-Ac-POSS-PEG-1500-0.5% hydrogel exhibits a weak
mechanical performance similar to neat PAM hydrogel, con-
sistent with the fact that the PAM-Ac-POSS-PEG-1500-0.5%
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hydrogel dissolved entirely in deionized water after a day.
Compared to neat PAM hydrogel, the PAM-Ac-POSS-PEG-
1500-1% and PAM-Ac-POSS-PEG-1500-2% hydrogels do not
show a large improvement in tensile strength but display an
outstandingly high elongation at break of about 3,000%. Because
of the existence of loose entanglements between polymer chains
induced by the long PEG chains of Ac-POSS-PEG-1500, a sig-
nificant enhancement of elongation at the break of PAM
hydrogels can be achieved. For the PAM-Ac-POSS-PEG-1500-
2.5% and PAM-Ac-POSS-PEG-1500-5% hydrogels, as more
physical entanglements and chemical cross-links are introduced
into the network, a more interpenetrating polymer network with
a higher cross-linking density is obtained, resulting in more than
a 50-fold toughness increase over the neat PAM hydrogel
(Fig. 3b). When immersion in deionized water, the mechanical
properties of all hydrogels were found to be significantly reduced.
This is evident from Supplementary Fig. 4, which displays the
tensile stress-strain curves of PAM-Ac-POSS-PEG hydrogels
following a 4-hour immersion in deionized water, as compared to
the original stress-strain curves shown in Fig. 3a. The volumetric
expansion of the hydrogel during soaking leads to structural
changes within the hydrogel network, including polymer chain
separation and disruption of crosslinking38,39. As a result, there is
a notable decrease in both tensile strength and elongation.

Fig. 3c, d reveals the effect of Ac-POSS-PEG content at
different PEG molecular lengths. It was found that for all PEG

molecular weights, the tensile strength increases with increasing
the content of Ac-POSS-PEG, due to an increase in cross-link
density (Fig. 3d: left). When the PEG molecular weight is higher,
the tensile strength starts increasing at lower loading of Ac-POSS-
PEG contents, due to the larger amount of physical cross-linking
existing in hydrogels. On the other hand, the elongation at break
initially increases with increasing Ac-POSS-PEG content until a
stable gelation is achieved and then gradually decreases due to a
denser cross-link network (Fig. 3d: centre). The maximum
elongation at break for Ac-POSS-PEG with PEG molecular
weight of 200, 1500, and 3400 g mol−1 was determined to be 2.5,
1.0, and 0.5%, respectively, which corresponds to their critical
gelation concentration (Supplementary Fig. 2). Besides, a more
pronounced toughening effect is observed when using a larger
PEG molecular length because more interpenetrating polymer
network with more physical entanglements and hydrogen bond
interactions are induced (Fig. 3d: right). At a very low cross-linker
content of 0.5%, the high toughness of 5724 kJ m−3 was observed
when a PEG molecular weight of 3400 g mol−1 is used, attributing
to the abundant physical entanglements and optimal chemical
cross-links induced by the long PEG side chains, enabling the
energy dissipation and thus toughening the hydrogels (Fig. 3c).
The mechanical properties for the higher Ac-POSS-PEG-200
content are shown in Supplementary Fig. 5. Although there have
been a limited number of studies incorporating multiple
functionalized POSS molecules into hydrogels40–44, to the best

Fig. 2 Morphology and swelling behavior of polyacrylamide (PAM) hydrogels. a morphology of freeze-dried PAM-Ac-POSS-PEG hydrogels with varying
the contents of acrylate-terminated polyhedral oligomeric silsesquioxane-polyethylene glycol with molecular weight of 1500 gmol−1 (Ac-POSS-PEG-1500)
and the molecular weights of polyethylene glycol (PEG) (Scale bar indicates 200 μm). The red borders in the image correspond to hydrogels that possess a
low gel fraction of less than 90%. b equilibrium swelling ratio of PAM-Ac-POSS-PEG hydrogels with different contents of Ac-POSS-PEG-1500 c digital
images of freeze-dried (initial) and swollen (18 h) PAM-Ac-POSS-PEG hydrogels with different content of Ac-POSS-PEG-1500 (Scale bar indicates 10mm).
d comparison of equilibrium swelling ratio of PAM-Ac-POSS-PEG hydrogels with varying contents of Ac-POSS-PEG and different molecular weights of PEG.
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Fig. 3 Mechanical properties of polyacrylamide (PAM) hydrogels. a and c tensile stress-strain curves of PAM-Ac-POSS-PEG hydrogels with different
contents of acrylate-terminated polyhedral oligomeric silsesquioxane-polyethylene glycol with molecular weight of 1500 gmol−1 (Ac-POSS-PEG-1500) and
with different molecular weights of polyethylene glycol (PEG). b toughness of PAM-Ac-POSS-PEG hydrogels with different contents of Ac-POSS-PEG-1500.
d tensile strengths, elongation at break and toughness of PAM-Ac-POSS-PEG hydrogels plotted as a function of cross-linker content and molecular weight of
PEG. e and f representative hysteresis loops of neat polyacrylamide (PAM) and PAM-Ac-POSS-PEG-1500-2.5% hydrogels at varying maximum tensile strains,
ranging from 25% to 250%. The dissipation energies corresponding to different maximum tensile strain levels are presented in Supplementary Fig. 7. g tensile
stress-strain curves of PAM-Ac-POSS-PEG-1500-2.5% hydrogels with different acrylamide concentrations. h tensile strength and elongation at break of PAM,
poly(2-hydroxyethyl methacrylate) (PHEMA), and poly(acrylic acid) (PAC) hydrogels prepared using Ac-POSS-PEG-1500 at 2.5%. (i) comparison of
toughness and elongation at break of 30% PAM-Ac-POSS-PEG-1500 hydrogels developed in this work with various previously reported tough PAM hydrogels.
j digital images of 30% PAM-Ac-POSS-PEG-2.5% hydrogel before and after stretching (Scale bar indicates 5 cm).
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of my knowledge, this is the first successful design of a POSS
cross-linker that effectively harnesses its unique structure and
integrates the advantages of both small molecular and macro
cross-linkers. We also elucidate the significant impact of the
molecular length of the grafted polymers on POSS on the
mechanical properties of hydrogels and thus achieve significant
improvements in their toughness. Additionally, the PEG chains
on POSS can participate in hydrogen bonding interactions with
the amide groups in polyacrylamide through their hydroxyl
groups, which may result in improved intermolecular interac-
tions. Fourier transform infrared absorption (FT-IR) results
suggest the presence of hydrogen bonding within PAM-POSS-
PEG-1500 hydrogels (Supplementary Fig. 6). The neat PAM
hydrogel displays a characteristic peak at 1130 cm−1, correspond-
ing to the C-N stretching of amides in the acrylamide chain45,46.
However, this peak diminishes upon the addition of the POSS-
PEG-1500 cross-linker. Furthermore, in the PAM-POSS-PEG-
1500-2.5% and PAM-POSS-PEG−1500-2.5% hydrogels, a new
peak is observed around 1080–1093 cm−1, while this peak is
absent in both POSS-PEG-1500 cross-linker and neat PAM
hydrogel. This observation suggests the formation of interactions
between polyacrylamide and the POSS-PEG crosslinker, such as
hydrogen bonding. This interaction is likely the result of the
hydroxyl groups of POSS-PEG forming bonds with the amide
groups of polyacrylamides. Consequently, these interactions
enhance the physical entanglements in the hydrogel due to the
formation of additional bonds between the polymer chains.

Furthermore, tensile cyclic loading-unloading tests were
conducted on the PAM-Ac-POSS-PEG-1500-2.5% hydrogel at
various strain levels (Fig. 3e). At low tensile strains below 100%,
the hysteresis loop was relatively small, indicating a higher degree
of elastic behavior. Additionally, an overlap region was observed
in adjacent stress-strain curves, indicating the self-recovery ability
of the hydrogel. This suggests that the hydrogel can regain some
of its original shape and mechanical properties. However, as the
tensile strain increased to 250% and beyond, the hysteresis loop
notably expanded, indicating substantially higher energy dissipa-
tion, as demonstrated in Supplementary Fig. 7. This suggests
reduced stretching reversibility at such strain levels. The increase
in the hysteresis loop size suggests the occurrence of irreversible
deformation processes, such as plastic deformation or changes in
the hydrogel network structure. A similar hysteresis behavior was
observed in the neat PAM hydrogel, but it exhibited a lower
tensile stress (Fig. 3f), which is in line with the tensile test results.

The mechanical properties of PAM hydrogels with varying
concentrations of acrylamide and different hydrogel matrices are
shown in Fig. 3g, h. Among all hydrogels investigated in this
study, the largest elongation at break and toughness of more than
9,455% and 6,531 kJ m−3 were found in 30%-PAM-Ac-POSS-
PEG-1500-2.5% hydrogel, which is attributed to the optimal
balance between physical and chemical cross-links by entangle-
ments and covalent bonds, respectively. The 30%-PAM-Ac-
POSS-PEG-1500-2.5% hydrogel did not break even when applied
with the maximum strain of the tensile testing machine (Fig. 3j).
At a low acrylamide concentration of 25%, the 25%-PAM-Ac-
POSS-PEG-1500-2.5% hydrogel has relatively weak fracture
behavior possibly owing to its loose cross-linked network. The
acrylamide concentration of higher than 30% leads to a reduced
elongation at break and increased tensile strength as a denser
cross-linked network is expected. In Fig. 3i, a comparison of the
toughness and elongation at break is shown between various
high-performance PAM hydrogels previously reported with the
results in the present study. Our PAM-Ac-POSS-PEG hydrogel
demonstrates outstanding mechanical properties that are com-
parable to those of double network hydrogels47, slide-ring
hydrogels48, and other nanocomposite hydrogels49 that are

currently regarded as the toughest hydrogel systems. Representa-
tive PAM-based hydrogels with high toughness include PAM-
layered double hydroxide nanosheets50, PAM-La-cholate supra-
molecular gel51, PAM-chitosan/montmorillonite52, PAM-
graphene oxide53, PAM-alginate (Al3+)54, PAM-bi functional
silica nanoparticle55, PAM-silicananoparticle56 and PAM-
tunicate cellulose nanocrystals57. Particularly, the toughness and
elongation at break of PAM-Ac-POSS-PEG hydrogels in the
present study is exceptionally higher than most of the reported
tough PAM hydrogels.

To further understand the toughening effect of hydrogels by
Ac-POSS-PEG, the Ac-POSS-PEG is used for poly(2-hydro-
xyethyl methacrylate) (PHEMA) and poly(acrylic acid) (PAC)
hydrogel matrices (Fig. 3h). By incorporating of Ac-POSS-PEG,
the mechanical properties of all hydrogel matrices can be
enhanced with different extent, most likely depending on the
interaction between PEG chains of Ac-POSS-PEG and a
monomer. More interacting points through the increased number
of available segments for interactions with other molecules would
induce more physical entanglements of polymer chains, promot-
ing a higher interpenetrating polymer network and toughening
effect. The results suggest that our proposed toughening approach
by using POSS as a building block for grafting multiple long chain
polymers can be applied to various hydrogel systems and thus
should open up new design opportunities to produce ultra-tough
hydrogels. The tough hydrogels developed in this study hold great
promise in various biomedical engineering applications, particu-
larly in tissue engineering58–60. The exceptional toughness and
significant elongation at break exhibited by these hydrogels
enable them to closely mimic the mechanical properties of natural
tissue. This unique characteristic empowers the hydrogel to offer
vital mechanical support to cells and facilitates the promotion of
tissue regeneration. Furthermore, the 3D printability of these
hydrogels provides the capability to fabricate complex structures
and patient-specific implants.

Conclusion
Inspired by the unique size and well-defined cage-like structure of
polyhedral oligomeric silsesquioxane, we propose a general
strategy for toughening hydrogels using POSS-grafted acrylated
polyethylene glycol (Ac-POSS-PEG) as a cross-linker. The
incorporation of Ac-POSS-PEG into the polyacrylamide (PAM)
hydrogel matrix demonstrates the formation of a highly inter-
penetrating polymer network with numerous physical entangle-
ments, optimal chemical cross-linking, and a uniform
microstructure. The proposed cross-linker, Ac-POSS-PEG, inte-
grates the advantages of both small molecular cross-linkers and
macro cross-linkers, while also ensuring uniform cross-linking
through its dissolution ability. Our results further indicate that
the long acrylated PEG chains on POSS provide multiple points
of interaction, thereby improving the ability to entangle polymer
chains and enhancing energy dissipation capacity and toughening
effects. At the optimal balance between physical and chemical
cross-links, an ultra-tough hydrogel can be achieved with more
than a 50-fold toughness increase over the neat PAM hydrogel.
The molecular length of PEG grafted chains on POSS was found
to have a considerable impact on the toughening effect, which
suggests that the toughening mechanism is attributed to the
substantial energy dissipation due to physical entanglements of
the long PEG chains. Our study demonstrated that grafting long-
chain polymers onto the small and defined POSS forms a highly
interpenetrating network structure with multiple physical
entanglements, resulting in a remarkable increase in toughness
that far surpasses what can be achieved with long-chain
polymers alone.
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Experimental Section
Materials. Acrylamide (AM) (≥99% purity), 2-hydroxyethyl
methacrylate (HEMA) (97% purity), and acrylic acid (99% purity)
from Sigma-Aldrich (Singapore) were selected as hydrogel mono-
mers and used as received. A traditional cross-linking agent, N,N’-
methylenebisacrylamide (MBA) was obtained from Sigma-Aldrich
(Singapore). SH1310 octasilane POSS was purchased from Hybrid
Plastics Inc (USA). Allyl bromide was obtained from Sigma-Aldrich
(Singapore) and distilled and stored under 4 A molecular sieves.
Platinum (0)-1,3-divinyl-Allyl,1,1,3,3-tetramethyldisiloxane (Kar-
stedt’s catalyst) and dibutyltin dilaurate (DBTDL) were obtained
from Sigma-Aldrich (Singapore) and used as received.
2-isocyanatoethyl acrylate was purchased from TCI chemicals and
used as received. Polyethylene glycol (PEG) with a molecular weight
of about 200 gmol−1 (PEG-200, TCI Chemical, Japan),
1500 gmol−1 (PEG-1500, Sigma-Aldrich, Singapore), and
3400 gmol−1 (PEG-3400, Aldrich Chemical Company Inc., Singa-
pore) was used as precursors for the synthesis of acrylate-terminated
POSS-PEG (Ac-POSS-PEG). Sodium hydroxide (NaOH), tetra-
hydrofuran (THF), dichloromethane, magnesium sulfate (MgSO4),
and anhydrous toluene were obtained from Sigma-Aldrich (Singa-
pore). Lithium phenyl-2,4,6-trimethylbenzoylpho-sphinate (LAP)
photoinitiator was received from TCI Chemical (Singapore). Poly-
ethylene glycol diacrylate (PEGDA) with a molecular weight of
750 gmol−1 was obtained from Sigma-Aldrich (Singapore).

Synthesis of the acrylate-terminated POSS-polyethylene glycol
(Ac-POSS-PEG). The synthesis of the Ac-POSS-PEG was per-
formed under standard Schlenk conditions (Supplementary
Fig. 8). First, PEG (20 mmol), NaOH (0.32 g, 8 mmol) was added
to 200 mL THF in a two-neck round-bottom flask (RBF) under
an argon atmosphere with a condenser attached. The suspension
was stirred and brought to 50 °C. Allyl bromide (2.90 g) was
added dropwise to the mixture and was refluxed for 12 h. The
suspension was then cooled and filtered. The volatiles was eva-
porated, and the residue was redissolved in dichloromethane and
washed with deionized water, brine, and dried over MgSO4. The
suspension was then filtered, and the volatiles was removed under
reduced pressure to obtain a light-yellow oil (>80% yield),
denoted as Compound-1.

Second, the synthesis of POSS-PEG (Compound-2) was
performed using a modified procedure described previously61,62.

In a flamed dried two-neck RBF under an argon atmosphere, 8
eq. of Compound-1 was added and dissolved in anhydrous
toluene. Subsequently, 1 eq. of octasilane POSS was added to the
solution. 1 weight % of Karstedt′s catalyst was added to the
mixture and stirred under inert conditions at 80 °C for 24 h. The
reaction was then cooled to room temperature and filtered
through a celite. The volatiles was removed under reduced
pressure to obtain the product. The completion of the reaction
was monitored using proton nuclear magnetic resonance (1H
NMR, JEOL ECA500II spectrometer) by the disappearance of
allyl bonds at 4.9–5.1 ppm (Supplementary Fig. 9).

Ac-POSS-PEG (Compound-3) was synthesized via the con-
densation process of an isocyanate and alcohol. In a two-neck
flame-dried RBF under inert conditions, 1 eq. of POSS-PEG and
8.2 eq. of 2-isocyanatoethyl acrylate were added. Toluene was
added to make a 40 weight % solution. 1 weight % of DBTDL was
then added, and the solution was stirred for 48 hat room
temperature. The volatiles was removed under reduced pressure
to obtain Ac-POSS-PEG.

Preparation and 3D printing of hydrogels. Polyacrylamide
(PAM) hydrogel precursor was prepared as follows: A specified
amount of cross-linker was dissolved in deionized water by
ultrasonic treatment first. Subsequently, acrylamide monomer
and LAP were added to the dispersion and sonicated for a few
minutes to disperse the components evenly. The hydrogel com-
positions and the corresponding samples’ names are shown in
Table 1. It should be noted that all percentages mentioned in this
paper are mass percentages. Additionally, all PAM hydrogels in
this paper have an Acrylamide:H2O ratio of 40:60, unless other-
wise specified.

Hydrogel precursors were 3D printed on an Anycubic Photon
M3 printer (Shenzhen Anycubic Technology Co., Ltd., China).
The printer uses a liquid crystal display (LCD) shadow masking
technique to form 3D prints and can achieve a printing accuracy
of 4,096 ×2,560 pixels (4 K). The wavelength of the projected
ultraviolet light emitting diodes (UV-LED) light by the printer is
405 nm. All specimens were 3D printed in a rectangular shape of
width 100mm, height 35 mm, and thickness 1.6 mm. The
rectangular-shaped model was saved in STL (Stereolithography)
format and was imported into the Anycubic Photon Workshop
3D Slicer software in order to create the slicing file. The thickness

Table 1 Material composition of various polyacrylamide (PAM) hydrogel precursors.

Sample name Cross-linker Resin compositions Additive

Acrylamide: H2O Cross-linker (weight %) LAP (weight %)

Neat PAM – 40:60 – 0.5
PAM-MBA-2.5% MBA 2.5
PAM-POSS-2.5% POSS
PAM-PEGDA-750-2.5% PEGDA-750
PAM-POSS-PEG-1500-2.5% POSS-PEG-1500
PAM-Ac-POSS-PEG-200-2.5% Ac-POSS-PEG-200
PAM-Ac-POSS-PEG-1500-2.5% Ac-POSS-PEG-1500
PAM-Ac-POSS-PEG-3400-2.5% Ac-POSS-PEG-3400
PAM-Ac-POSS-PEG-1500-0.5% Ac-POSS-PEG-1500 40:60 0.5 0.5
PAM-Ac-POSS-PEG-1500-1.5% 1.0
PAM-Ac-POSS-PEG-1500-1.5% 1.5
PAM-Ac-POSS-PEG-1500-2.0% 2.0
PAM-Ac-POSS-PEG-1500-5.0% 5.0
25% PAM-Ac-POSS-PEG-1500-2.5% Ac-POSS-PEG-1500 25:75 0.5 0.5
30% PAM-Ac-POSS-PEG-1500-2.5% 30:70
60% PAM-Ac-POSS-PEG-1500-2.5% 60:40

The percentages are based on mass percentage.
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of each printing layer was set to 0.05 mm and the light intensity
was set to 70%. The exposure time of the first 3 layers was
15 seconds, and the exposure time of each layer was 7.5 seconds.
After importing the slicing file, the prepared hydrogel precursor
was poured into the printer’s vat, and the printing proceeded
layer by layer. Subsequently, the printed specimens were post-
cured in a UV oven before further testing or characterization.

Characterization of hydrogels. Photo-differential scanning
calorimetry (Photo-DSC) was used to investigate the cure kinetics
of a photo-initiated polymerization of acrylamide monomers
mixed with different cross-linkers. A Q100 apparatus (TA
instruments, Japan) equipped with a photo calorimeter accessory
(Novacure 2100, EXFO Photonic Solutions Inc.) was used under a
nitrogen flow at 50 ml min−1. The hydrogel precursor was placed
in a hermetic pan using a microsyringe with a sample size of
about 4 mg. An empty hermetic pan was used as reference
material. The DSC curves were generated after the UV light was
turned on.

Field-emission scanning electron microscope (SEM) was used
for morphological studies. A JEOL JSM6700F electron micro-
scope (Japan) was operated at 5 kV. The hydrogel specimens were
cut into rectangles of 1 cm × 1 cm × 1 cm, soaked in deionized
water for 30 min, and freeze-dried overnight using a Martin
Christ freeze dryer (Germany). The specimens were then
mounted on an aluminum stub and sputter coated with gold in
a sputter coater (JEOL JFC-1600 auto fine coater, Japan) for
25 seconds using JEOL JFC-1600 auto fine coater (Japan). The
ImageJ software was utilized to determine the average pore size,
pore distribution, and porous structure of the hydrogels.

Swelling test of hydrogels was carried out in deionized water at
room temperature. The hydrogel specimens were cut into a
circular disc of about 1 cm in diameter and freeze-dried
overnight. After initial weighing, the specimens were soaked in
deionized water for a day. To determine the percent weight
change, the specimens were weighed periodically after removing
them from the deionized water and wiping off moisture on their
surface. The swelling ratio of hydrogels is calculated as the
percentage increase in weight after the hydrogel has been
immersed in water and allowed to swell. This measurement
represents the extent to which the hydrogel can absorb and retain
water during swelling.

The gel fraction of hydrogels was calculated based on the ratio
between the dried weight (Wd) and extracted dried gel weight
(We)63, representing the proportion of the hydrogel that
remained after the removal of unreacted or soluble components.
The Wd was measured after drying the hydrogel in a 45 °C oven
for one day. Then, the dried hydrogels were soaked against
deionized water for one day at 37 °C to remove the soluble
fraction and dried in a 45 °C oven for one day prior to measuring
Wg.

Differential scanning calorimetry (DSC) was conducted using a
Q100 apparatus (TA Instruments) with a nitrogen flow rate of
50 ml min−1. Approximately 5 mg of freeze-dried hydrogel
specimens was sealed in a hermetic pan and an empty hermetic
pan was used as reference material. The specimens were heated
repeatedly between 25 and 180 °C at 20 °C min−1 and their glass
transition temperatures (Tgs) were measured at the second
heating scan.

Tensile test of hydrogels was carried out by an Instron 5569
double-column universal testing machine (Instron Corporation,
United States) with a 100-N load cell. The nominal strain was
obtained by normalizing the displacement with the initial gauge
length of the specimen. As-prepared hydrogel specimens were cut
into a strip of 10 mm × 60mm × 1.6 mm and fixed with

pneumatic grips. The specimens were extended at a strain rate of
40 mmminute−1 until it fractures. The extensometer was
removed after the yield point can be determined. Once the
extensometer was removed, the strain control was switched from
extensometer to displacement rate. To ensure reproducibility, a
minimum of 3 samples were tested under each condition, and the
data was averaged. The tensile strength of hydrogels was
determined by dividing the maximum load by the original
cross-sectional area of the test specimen. The tensile modulus of
hydrogels was determined from the linear region of the measured
tensile stress-strain curves. The toughness was determined as the
area under the tensile stress-strain curve, representing the energy
absorbed by the material before fracture or failure. The presented
tensile stress-strain curves in the figures are representative
examples selected from the measurements conducted on multiple
specimens. For the hysteresis tests, the hydrogel specimens were
subjected to repeated cycles of tensile loading and unloading at a
strain rate of 40 mmminute−1. The tensile strains were gradually
increased from 25% to 50%, 75%, 100%, and 250% without any
resting time between cycles. To avoid significant plastic
deformation beyond the yield stress, the maximum tensile strain
was restricted to 250%, as this corresponds to the yield stress
observed in most of the specimens. Energy dissipation within
each hysteresis loop is calculated based on the area enclosed by
the loop on the stress-strain curve.

Fourier transform infrared (FT-IR) spectroscopy was con-
ducted using a Perkin Elmer Spectrum 2000 FTIR spectrometer
(Waltham, United States) in transmission mode. The as-prepared
hydrogel specimens were placed in a KBr pellet, and the spectra
were recorded in the range of 1500 to 500 cm−1 by accumulating
64 scans per spectrum with a resolution of 4 cm−1.
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