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LipoGels: Robust Self-Lubricating Physically Cross-Linked
Alginate Hydrogels Embedded with Liposomes

Tao Ma, Xueying Guo, Najet Mahmoudi, Pierangelo Gobbo, and Wuge H. Briscoe*

The exceptional lubricity in living systems has stimulated wide scientific
interest in the design of biomimetic lubricants. Here, a sodium alginate
hydrogel physically cross-linked with divalent cations (Ca?*), incorporating
~100 nm 1,2-dipalmitoyl-sn-glycero-3-phosphocholine liposomes in trace
amounts (~0.004-0.08 wt% lipids), which are termed “LipoGels”, is
optimized to overcome gelation shrinkage to generate a homogeneous and
smooth surface. Cryogenic scanning electron microscopy reveals the compact
porous gel structure with embedded liposomes, and confocal fluorescent
microscopy reveals a uniform distribution of liposomes in the gel. The

LipoGels demonstrate robust mechanical strength, with an elastic modulus G’

> 200 kPa and a Young’s modulus E ~1 MPa from rheology and
microindentation measurements, respectively. Small-angle neutron scattering
deduces a classic de Gennes’ mesh size of & ~3.8 nm for the polymer
network, consistent with that estimated from the rheology results. The
underwater friction coefficient of liposome-alginate hybrid LipoGels,
evaluated in the sphere-on-flat geometry with a tribometer, is as low as u
~0.02 at a maximum contact pressure of 0.45 MPa. These results offer
nanostructural insights into the hybrid liposome-alginate hydrogels, prepared
by facile physical cross-linking, demonstrating their potential as biomimetic

1. Introduction

The ultralow friction devised by living sys-
tems (e.g., knee joints and eyelids), with
a friction coefficient (CoF) as low as u
~0.00111) at physiological pressures of tens
of MPa/? has stimulated intensive re-
search into mimicking such extraordinary
lubrication and investigating underlying
mechanisms.l?] Articular cartilage, a com-
plex biohydrogel covering the end bone of
a joint,*l plays a crucial role in facilitat-
ing ultralow joint friction, where hyaluro-
nan (HA), aggrecans, lubricins, and phos-
pholipids synergistically form the robust lu-
bricating boundary layer to dissipate en-
ergy upon sliding®! via the fundamental
mechanism of hydration lubrication.[®! The
molecular origin of such efficacy arises
from the load-bearing capacity of water
molecules tenaciously bound to the charged
and zwitterionic groups in the biomacro-
molecules and lipids,”! while retaining flu-

lubricants, also with encapsulation capacities for functional additives.
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idity and facilitating frictionless sliding.

Among the components constituting
the cartilage boundary layer, the highly
hydrated zwitterionic head groups of
phospholipids present at the cartilage
surface and in the synovial fluid® are
central to mediating the hydration lubrication mechanism.%! Sev-
eral lubricating systems have been successfully designed utiliz-
ing this property, including lipid bilayers, liposomes, and HA-
liposome hybrids.[®! Very recently, a novel strategy has emerged,
incorporating liposomes in hydrogels for designing biomedically
suited lubricating materials.l'!

Hydrogels are dual- or multicomponent systems with water
confined in a 3D hydrophilic polymer network.['!] With robust
mechanical strength, biocompatibility, high water content, and
multifunctionality,!?! hydrogels have been explored as candi-
dates for articular cartilage replacements.!'3] It however remains
challenging to prepare lubricating hydrogels with mechanical ro-
bustness and biocompatibility.!*] To this end, several complex
hydrogel systems have been recently proposed, including dou-
ble network hydrogels,!*) nanocomposite hydrogels,'®! and lay-
ered hydrogels,'”] progressing from earlier development such
as polyvinyl alcohol (PVA) hydrogels.['®] In a recent pioneering
work, Lin et al. incorporated lipid multilamellar vesicles (MLVs)
in synthetic hydrogels to facilitate cartilage-like lubrication.!*¢!
The sophisticated and complex synthesis involved mixing a
low concentration of liposomes of 1,2-dimyristoyl-sn-glycero-3-
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phosphatidylcholine and 1-a-phosphatidylcholine, hydrogenated
(Soy) with a monomer solution, followed by polymerization and
chemical cross-linking to form the hybrid hydrogel. The bulk
hydrogel exhibited very low friction (4 = 0.01) and good load-
bearing capacity (with a storage modulus G’ =~ 70 kPa), with
the self-renewal property facilitated by the lipids. The hydrogels
in these previous studies were chemically cross-linked, typically
needing sophisticated synthesis and preparation procedures with
a multitude of chemicals, which would also require additional
care to minimize cytotoxicity.

In this context, physically cross-linked hydrogels facilitated
by noncovalent interactions, such as electrostatic interactions,
crystallization, or hydrogen bonding,'! have attracted atten-
tion due to their facile preparation, biocompatibility, and poten-
tial for reversible gelation,?° but suffer from poor mechanical
strength.[?!] Therefore, improving the mechanical properties of
physically cross-linked hydrogels is essential to enabling their use
in high-load demanding applications. A hydrogel of PVA grafted
with 4-methyl benzaldehyde prepared by the solvent replacement
in a dimethyl sulfoxide-water mixture achieved a high tensile
strength of ~3.26 MPa.l?2l However, its lubrication was relatively
modest with y ~ 0.11 against a stainless-steel ball, with chemi-
cals used in the complex method also presenting biosafety risks.
Hitherto, it remains a challenge to develop facile hydrogel prepa-
ration, using minimal chemicals and ensuring biocompatibility
and sustainability.

Alginic acid, a polysaccharide extracted from brown algae,!?’!
can be physically cross-linked in its sodium salt form by certain
divalent and trivalent cations, particularly Ca%*, due to the pres-
ence of carboxylate groups on the polymer chain.[?*] Alginate hy-
drogels have usually been prepared as beads or microgels for
drug delivery owing to their biocompatibility, physiological sta-
bility, and facile gelation.[?*) Bulk alginate hydrogels, however, are
prone to shrinkage upon cross-linking in polar solvents,[*®! caus-
ing ill-defined morphologies and properties, which have limited
their application. In an attempt to address such gelation shrink-
age, a two-step cross-linking process was developed, involving
first weak cross-linking with a 50 mm CaCl, solution and sub-
sequent molding and immersion in a 4 M CaCl, solution for
24 h.I] However, the mechanical strength of the obtained gel
was relatively low with an elastic modulus G’ < 50 kPa. In an
attempt to enhance the stiffness of alginate hydrogels, another
two-step method has been proposed: a weak pregel attached to a
substrate was first dried/shrunk in air, followed by further cross-
linking and rehydration in a cationic solution, yielding a stiff
Ca’*-alginate gel with a tensile stress of ~8 MPa.l?8] However,
the shrinking issue remained unresolved, with a relatively low
water content of #60% in the final gel.

In this study, to address gelation shrinkage and mechanical
weakness, important for the feasibility of alginate gels as sus-
tainable lubricating materials, we have devised a simple method
to produce a homogenous and transparent hydrogel by physical
cross-linking sodium alginate solution with Ca?*. The shrinkage
issue was resolved, rather simply, by concentrating the sodium
alginate solution through controlled evaporation before cross-
linking, as detailed in Section 2.1 below. The gel was further func-
tionalized by incorporating ~100 nm 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) liposomes, confirmed by cryogenic
scanning electron microscopy (cryo-SEM) and confocal fluores-
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cence microscopy. The hybrid gel retained a high-water content,
and the robustness of gel mechanical properties was character-
ized using microindentation and rheology, with the gel nanos-
tructure probed with small-angle neutron scattering (SANS).
Such homogenous and robust hybrid gels prepared via a simple
method, which we term “LipoGels”, facilitated excellent lubrica-
tion performance under water with a friction coefficient as low
as p =~ 0.02 under a pressure of 0.45 MPa, demonstrating their
potential as sustainable aqueous lubricants also with capacities
for encapsulation of actives.

2. Results and Discussion

2.1. Overcoming Gel Shrinkage in Optimized Alginate Hydrogel
Synthesis

Control Ca?* cross-linked alginate hydrogels prepared as re-
ported in literature experienced shrinkage,?+?%291 with the ob-
tained soft hydrogels exhibiting an irregular shape with an un-
even surface (an example for 2 wt% alginate cross-linked with 5
wt% Ca** shown in Figure 1b top; cf. also Figure S7a in the Sup-
porting Information), a process which could not be reproduced
consistently. To overcome this, several parameters were systemat-
ically varied, including the concentration of sodium alginate (c,,)
and Ca’* (c,,,), cross-linking time (t, i.e., the incubation time
following Ca?* addition before rinsing), and the addition method
of the cross-linker, with an elevated c,, identified as a key factor in
preventing gel shrinkage. Photographic images of shrinking and
nonshrinking alginate hydrogels are further compared in Figure
S7 in the Supporting Information. A macroscopically homoge-
neous, flat, and transparent hydrogel film (Figure 1b bottom) was
ultimately achieved reproducibly in a process described as fol-
lows (cf. Figure 1a). Both the control gel and LipoGel samples
showed ~70% transmittance at a wavelength of 600 nm (cf. Sec-
tion S3 in the Supporting Information), confirming their trans-
parent optical characteristics.**) A ¢, = 2 wt% sodium alginate
solution®! (with DPPC liposomes at a designated lipid concen-
tration cpppc added in the case of LipoGels) was concentrated by
heating it in an oven slowly over 1-1.3 h at 50 °C, with the final
alginate concentration readily adjusted by controlling the heat-
ing time. Furthermore, these alginate hydrogels retained their
macroscopic integrity without any observable dissolution in an
ethylenediaminetetraacetic acid chelator solution over the course
of one week. This overcomes the difficulty associated with slow
and inhomogeneous dissolution and the drastic increase in the
viscosity of the alginate solution at concentrations above c,
2 wt% (7 =~ 2.01 Pa s; cf. Figure S9 in the Supporting Informa-
tion). The amount of the water loss, r,, #70%, was identified
as a minimum value to consistently produce nonshrinking hy-
drogels, corresponding to an alginate concentration of c,;, = 6.7
wt% (cf. Section S5 in the Supporting Information). De Gennes’
scaling arguments®?] give the relationship between the osmotic
pressure /T and the polymer fraction ¢ asi**) IT ~ ¢*/* ~ ¢, °”/*.
Furthermore, the mesh size, &, of the hydrogel (the average dis-
tance between two adjacent cross-linking points in the alginate
polymer gel network is related to ¢ as & = ¢~3/* so that IT =
£73, consistent with a denser polymer network capable of sustain-
ing a higher osmotic pressure. Dehydration and shrinkage upon
Ca’*-induced gelation would effectively reduce & and increase

]gN
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Figure 1. Preparation and optimization of nonshrinking alginate hydrogels. a) The flow chart of the LipoGel preparation method, partially created
with BioRender, https://BioRender.com/wrammvm. b) Photographic images of opaque shrinking (top) and transparent nonshrinking (bottom) alginate
hydrogels. c) Water content of gels, S,,, under different cross-linking times (t., red symbols; bottom axis) and Ca* concentrations (c ..., blue symbols;
top axis), with the dashed lines a guide to the eye. d) Schematic of alginate gelation at low and high cross-linking densities and the “Egg-Box” cross-linking

model.

¢, which thus would be countered by the internal osmotic pres-
sure of the gelling polymer solution. By contrast, low concentra-
tion gels lack sufficient osmotic resistance, resulting in marked
shrinkage. Strong hydration and a sufficiently high cross-linking
density at such a high alginate concentration would sustain an
internal osmotic pressure to resist dehydration and shrinkage.
The water content S, (or swelling ratio Q, cf. Tables S1 and
S2 in Section S6 of the Supporting Information) of a hydrogel is
indicative of its ability to confine and retain water in the gel in-
ternal structure.>* Here, the gel water content was measured at
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different Ca?* concentrations c,,, and cross-linking time ¢, (cf.
Figure 1c). First, c,,, was varied from 0.5 to 10 wt% at a cross-
linking time t, = 30 min. As shown in Figure 1c (top axis), the wa-
ter content of alginate hydrogels rapidly decreased initially before
plateauing at c,, ~5 wt%. The alginate hydrogel cross-linked
at ¢, = 0.5 wt% showed the highest water-retaining capacity
with S, = 97.3 + 0.1%, but appeared soft and fragile with a thick-
ness of ~#1.3 mm. By contrast, the hydrogels cross-linked using

Cears > 5 W% exhibited more robust mechanical strength, albeit

with a lower water content of S, = 81.2 + 1.1% and a smaller
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thickness of #0.35 mm. Similarly, the cross-linking time was var-
ied while c,,, was fixed at 5 wt%. For t; = 5-30 min, the water
content decreased sharply from S, =90.1 + 1.1%to S, = 81.2 +
1.1% (Figure 1c; lower axis), before stabilizing at S, ~81% att, >
30 min. Accordingly, the optimal gelation conditions were deter-
mined as ¢,,, > 5 wt% and ¢, > 30 min when the cross-linking
process reaches saturation.

The gel water content is closely related to its mechanical
strength, with a lower water content usually corresponding to a
higher Young’s modulus.!?”] A higher concentration of Ca** and a
longer cross-linking time result in a higher cross-linking density.
In this case, as schematically shown in Figure 1d, more carboxy-
late groups on alginate polymer chains are connected by chelat-
ing Ca?* in the “Egg-Box” gelation model.l**] This would increase
the cross-linking density and reduce the volume that water could
pervade, leading to a lower swelling ratio but a more robust hy-
drogel.

2.2. Nanostructure of LipoGel

Cryo-SEMI3®) images (Figure 2a,b) revealed that both LipoGel
and gel (no-liposome) samples displayed similar compact porous
morphologies with a dense, sponge-like internal structure, with
an average pore size of #92 nm and a size distribution of 26-188
nm. For comparison, a minimum pore size of 24 + 0.6 um in a
Ca**-cross-linked alginate hydrogel has been previously reported,
some 260 times larger than that in this study.*”] The significantly
smaller pores here resulted from the higher sodium alginate con-
centration prior to cross-linking, creating dense structures capa-
ble of sustaining high osmotic pressure and thus high-load ap-
plications.

Notably, spherical features attributed to liposomes were ob-
served in the hydrogel network of the LipoGel sample (indicated
by a white arrow in Figure 2b; cf. also cryo-SEM images in Figure
S10 in the Supporting Information), but not in the control sam-
ple (Figure 2a), with an average diameter 136 nm consistent
with the DLS DPPC liposome size (cf. Figure S11 in the Support-
ing Information). The void around the liposome in the image is
likely resulting from the sublimation of its surrounding water.
Cryo-SEM thus confirmed the compact porous structures of the
hydrogels and the successful incorporation of DPPC liposomes.

Confocal microscopy provided high-resolution visualization of
the liposome 3D-distribution within the hydrogel. In contrast to
nonfluorescent control samples (cf. Figure S12 and Table S3 in
the Supporting Information), only PKH67-labeled!*®! DPPC lipo-
somes showed green fluorescence in solution and when embed-
ded in the alginate hydrogel. As shown in Figure 2d, DPPC sin-
gle unilamellar vesicles (SUVs) appeared uniformly distributed
throughout the hydrogel, maintaining liposome structural in-
tegrity with minimal aggregation. Measurements across multiple
randomly selected hydrogel regions showed consistent, uniform
fluorescent SUV distribution throughout the LipoGels (cf. Figure
S13 in the Supporting Information). By contrast, large aggregates
of DPPC MLVs in coexistence with smaller liposomes were visi-
ble in the gel matrix (Figure 2¢) with a less uniform distribution.

The LipoGel nanostructure was evaluated using SANS (exper-
imental details under different cross-linking conditions, includ-
ing drying time t; prior to cross-linking and DPPC liposome
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concentration cpppc, as well as t,y and c,,,). The experimental
SANS intensity profiles were fitted using the correlation length
model,*! which accounts for Porod scattering from clusters and
Lorentzian scattering from polymer chains, [ i.e.

1(Q)= Ay ;m + Background 1)

1+ ()
where I is the scattering intensity, Q the scattering vector, n and
m the exponents for the Porod and Lorentzian terms, and A and
C denote the respective scale factors. This yields the correlation
length or mesh size, &, of the hydrogel (the average distance be-
tween two adjacent cross-linking points in the alginate polymer
gel network;[*!! ¢f. Figure 2h), which characterizes the hydro-
gel nanostructure and is intimately related to the gel mechanical
properties.

As shown in Figure 2e, the SANS profiles across different
DPPC lipid (and thus liposome) concentrations exhibited similar
features, with the intensity decreasing linearly with Q in the low
Qregion, followed by plateauing towards the background asymp-
tote, with the mesh size varying slightly in the range & = (3.5-4.3)
+ 0.4 nm across liposome concentrations (cf. Table 1). This indi-
cates that DPPC incorporation did not appreciably alter the hy-
drogel nanostructure. The Porod exponent, n > 2 for all samples
(cf. Table 1), indicates that the hydrogel nanostructure could be
characterized as mass fractals,[*?] consistent with the previous re-
port on gels exhibiting similar nanostructural characteristics.[*}]
The Lorentzian exponent (m), reflecting polymer—solvent interac-
tions, is consistently greater than 2, suggesting that the alginate
polymer chains were swollen in water,[*?! with minimal interac-
tions between monomers along the chain.**] Overall, the SANS
results indicate that DPPC liposome incorporation did not induce
notable structural changes in the gel.

As shown in Figure 2f, prolonged drying prior to cross-linking
led to a higher sodium alginate concentration and a reduced
mesh size from £ = 7.6 + 0.5 nm to £ = 2.8 + 0.6 nm (with key
fitting parameters listed in Table S4 in the Supporting Informa-
tion), arising from a closer proximity of the polymer chains and
more pronounced cross-linking of the carboxylate groups. As the
drying time was increased to t; = 90 min (with a corresponding
alginate concentration of c¢,, = 30.97 wt%), the mesh size fur-
ther decreased to & = 2.8 + 0.6 nm. Water content S, is a crucial
consideration for lubricating hydrogels,*! with a higher water
content enhancing lubrication but weakening the gel mechanical
strength. Hydrogels prepared from more concentrated sodium
alginate solutions exhibited a lower S, reduced thickness, and
enhanced mechanical strength. A drying time of t; = 70 min in
our study appeared to achieve an optimal balance.

Furthermore, the effects of cross-linking time t; and Ca’*
concentration c,,, were investigated under the optimized cross-
linking time (¢4 = 30 min) and cross-linker concentration (c_,,, =
5 wt%), compared to the gels prepared at t; and c,,, below and
above these values. Generally, the SANS mesh sizes & (Figure 2g)
decreased as t; and c_,, increased, attributed to higher cross-
linking densities. Specifically, & decreased significantly from 11.7
+ 2.3 to 4.3 + 0.4 nm as the cross-linking time increased from
ty = 5 min to t; = 30 min (cf. Table S5 in the Supporting In-
formation). However, the effect of extended t, beyond 30 min
was less pronounced. Increasing the Ca?* concentration from
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Figure 2. Nanostructural characterization of the gel (liposome-free) and LipoGel (DPPC liposome embedded). Cryo-SEM image of a) the control gel
and b) LipoGel with the scale bar of 200 nm, showing the porous structures and the incorporated liposome (indicated by a white arrow in (b)). Confocal
microscopy 3D image showing the distribution of PKH67 fluorescently labeled c¢) DPPC MLVs and d) single unilamellar vesicles (SUVs) within the
LipoGel. e) SANS data (open symbols; offset on the Intensity axis for clarity) of alginate LipoGels embedded with different concentrations of DPPC
SUVs, with the correlation-length fits shown as black lines. f) The gel polymer network mesh size (£); h) schematic from SANS fitting plotted as a
function of gel drying time (bottom axis), with the corresponding alginate polymer concentration c,, shown on the top axis; and g) cross-linking time

alg
ty (orange, bottom axis) and CaZ* concentrations cc,,,. (blue, top axis).

Table 1. SANS fitting results of alginate hydrogels embedded with different concentrations of DPPC lipids/liposomes.

DPPC conc. cpppc [Wt%] Porod exponent n Lorentz exponent m Mesh size &[nm] Fitting error X2
0.080 3.18 +0.02 2.15+0.32 3.6+0.7 1.35
0.040 3.06 +0.03 2.01+0.70 3.9+04 1.30
0.020 2.86 +0.03 2.00 + 0.08 3.5+04 1.22
0.004 2.95+0.03 2.00 £ 0.56 3.6+03 1.04
0.000 2.77 +0.03 4.53 +0.76 4.3 +0.4 1.01
Adv. Funct. Mater. 2025, e14611 e14611 (5 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Mechanical property evaluation results of LipoGel (orange) and gel (blue). a) Storage modulus G’ and viscous modulus G” versus shear strains
y from rheology amplitude sweeps. b) Moduli G”and G” versus frequency f from rheology frequency sweeps. c) The mean Young's modulus E values of

the control alginate gel and LipoGels at 25C and 42 °C.

Cany = 1 Wit% to ¢, = 5 and 10 wt% led to a decrease in the
mesh size from £ = 11.3 + 40 nm to £ = 4.3 + 0.4 and 1.0 +
0.3 nm (cf. Table S6 in the Supporting Information), respectively,
indicating additional cross-linking capacity at higher Ca?* con-
centrations despite a similar water content S, #80%.

The mesh size & characterizes the hydrogel nanostructure
and is intimately related to the gel mechanical properties: a
smaller mesh size indicates higher cross-linking density and a
denser polymer network, leading to an enhanced gel mechanical
strength,[*°] as probed with rheology and microindentation mea-
surements.

Adv. Funct. Mater. 2025, e14611 e14611 (6 of 11)

2.3. Mechanical Properties of LipoGels

Rheology measurements probed the viscoelastic behavior and
mechanical properties of the alginate LipoGels. Both the con-
trol gel (no liposome) and LipoGel samples exhibited similar
trends, from the amplitude (Figure 3a) and frequency (Figure 3b)
sweeps, with the storage modulus G’ and the loss modulus G” of
the control samples being slightly higher. The linear viscoelastic
region for both gel types lies within the shear strain range y =
0.01-0.15%, where the moduli remained independent of shear
strain (Figure 3a). G’ and G” exhibited a plateau and remained
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largely constant over the frequency sweep range f= 0.1-10 Hz
performed at a shear strain of y = 0.1% (Figure 3b), indicative
of the mechanical stability of the alginate hydrogels across vary-
ing shear frequencies, desirable for practical applications.[*’] The
storage modulus G’, characteristic of the elastic property, was
consistently higher than the loss modulus G”, the viscous com-
ponent, indicating that the hydrogel behaved predominantly like
an elastic solid, as expected of hydrogels.

Notably, G’ ~200 kPa is relatively high compared to the typi-
cal elastic moduli reported of alginate hydrogels cross-linked by
Ca?*, which generally range from 1 to 100 kPa.[”’*8] For com-
parison, a pioneering cartilage-inspired chemically cross-linked
poly(hydroxyethyl methacrylate) hydrogel system (also with lipo-
somes incorporated) achieved an elastic modulus G’ ~50 kPa.[*¢]
The fourfold as high G’ of the Ca?* cross-linked alginate hydrogel
presented here may be attributed to the slow thickening step of
sodium alginate solutions before cross-linking in gel preparation
(cf. Figure 1a), which served to enhance polymer centration, and
in turn, the cross-linking density and gel rigidity. Importantly,
the incorporation of DPPC liposomes did not compromise the
mechanical strength of the hydrogel, in contrast to previously
reported liposome-incorporating hydrogel systems.!'%! While the
amount of DPPC liposome added was relatively small (at a 0.08
wt% lipid concentration), the controlled gentle heating to allow
homogenous thickening of the alginate-liposome solution (cf.
Figure 1a) facilitated desired macroscopic gel properties, such as
transparency, morphological consistency, and enhanced mechan-
ical properties.

The mesh size & of the gel polymer network can also
be estimated from the elastic modulus G’ value as®! & =
(6RT/xG’'N,)'/?, where R is the gas constant, T the absolute tem-
perature, and N, the Avogadro number. Using G’ ~200 kPa from
rheological measurements for the optimized hydrogel sample,
we obtain & ~3.40 nm, consistent with the mesh size & of 3.60
+ 0.7 nm obtained from the SANS data (cf. Figure 2e).

A microindenter was used to further characterize the Young’s
modulus E of the hydrogels under water at 25 and 42 °C, be-
low and above the DPPC tail phase transition temperature of
41.3 °C,’% with the surface deformation modeled using the
JKR theory of contact mechanics (cf. Section S1.2.8 in the Sup-
porting Information). The Young’s modulus E, reaching up to
1.08 + 0.04 MPa, was higher than the storage modulus G’ (up
to 200 kPa). Young’s modulus measures the stiffness of a ma-
terial in response to uniaxial tensile or compressive stress in
the linear elastic region,l®!] while storage modulus G’ obtained
from a rheometer gauges the elastic component of a mate-
rial's response to oscillatory shear deformation, characterizing
the viscoelasticity.[*?) As shown in Figure 3c, LipoGels displayed
higher Young’s moduli E at both temperatures than the control
alginate gel; at 25 °C, its E > 1 MPa value significantly surpassed
that of the control. This may be attributed to DPPC lipid hy-
dration capacity facilitating stability against osmotic stress and
the liposomes acting as elastic spheres fortifying the polymer
network.

The lower Young’s moduli E for the hydrogel at the higher tem-
perature (i.e., 42 °C; cf. Figure 3c) is consistent with an earlier re-
port, where the mechanical strength of Ca?* cross-linked alginate
hydrogels declined with increasing temperatures up to 50 °C.[53
Initially attributed to the rearrangement and breaking of weak
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junctions in the hydrogel,l>! the explanation was later revised to
be related to the enthalpic elasticity behavior.>*!

For the LipoGel, DPPC would transition from the gel into the
fluid phase at 42 °C, where its alkyl chains became disordered,>]
resulting in a mechanically less robust membranel®® compared
to the gel phase below the transition temperature, where the
more rigid alkyl DPPC chains would adopt a more ordered
arrangement.”’] Consequently, the reduction at 42 °C compared
to 25 °C in Young’'s modulus E was more pronounced for the
LipoGel, amounting to 25% compared to 17% for the control.
Despite this, the DPPC-embedded hydrogel retained its robust-
ness, with an average Young’s modulus E ~ 803.8 + 44.6 kPa,
highlighting the fortifying role of the liposomes in the physically
cross-linked gel and underscoring its load-bearing capacity.

Furthermore, the tensile test was conducted to further char-
acterize the mechanical properties of the LipoGels. As shown in
Figure S14 in the Supporting Information, both the control gel
(no liposomes) and the LipoGel from this study exhibited an ulti-
mate tensile stress exceeding 1.5 MPa, in comparison to the typi-
cal value reported for Ca?*-alginate hydrogels (below 40 kPa).l>®]
Notably, the LipoGel showed superior mechanical performance,
reaching an ultimate stress of 2.40 + 0.40 MPa, compared to 1.79
+ 0.03 MPa for the DPPC-free gel. These results are consistent
with the mechanical trends observed in the indentation tests.

Compared to several representative Ca-alginate hydrogels
from the literature, summarized in Table S7 in the Supporting
Information, our preparation method is simpler and achieves
superior mechanical properties relative to most physically cross-
linked Ca-alginate hydrogels with elastic moduli G’ generally be-
low 100 kPa and Young’s modulus E below 500 kPa.

2.4. Effective Lubrication Performance Evaluated through
Tribology

The lubrication performance of the LipoGel was evaluated by
measuring the CoF () against a 8 mm stainless-steel ball un-
der water using a UMT ball-on-disk tribometer at different loads
(cf. Section S1.2.10 in the Supporting Information), compared
to three types of alginate gel control samples: that without li-
posomes (labeled as “Gel” in Figure 4), that undergone shrink-
ing (labeled as “Shrunk”), and that with DPPC aqueous disper-
sion sprayed onto the gel surface (labeled as “Sprayed”; cf. Figure
S7c in the Supporting Information). As shown in Figure 4a,
the shrunk hydrogel exhibited the poorest lubricity, with p >
0.2 across all the applied loads, pointing to the importance and
benefit of morphological consistency in the gel preparation (cf.
Figure 1a). The DPPC-sprayed sample demonstrated poorer lu-
brication performance than the DPPC-free sample. However, the
LipoGel achieved the most effective lubrication, with 4 < 0.05 un-
der all tested loads, with both the LipoGel and DPPC-free hydro-
gels reaching the ultralow friction region (i.e., u < 0.1).5) While
all the hydrogel samples displayed a consistent trend of increas-
ing CoF with higher applied loads, the LipoGel exhibited superior
performance, showing only a mild increase in CoF under higher
loads (Figure 4e).

LipoGels incorporating DPPC ~1000 nm MLVs or ~100 nm
SUVs were also compared. The sizes of 2 mm DPPC MLV and
SUV solutions were measured by DLS, as shown in Figure S11 in
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Figure 4. Lubrication characterization of LipoGels. Friction coefficient y versus load F,, results for a) alginate hydrogels prepared using different methods;
b) control DPPC-free gels under different conditions: in air, under water, and in 2 mm DPPC dispersion; c) LipoGels embedded with 0.08 wt% DPPC
SUVs (~100 nm in diameter) and MLVs (1000 nm in diameter); d) LipoGels embedded with different concentrations of DPPC SUVs; and e) the control
DPPC-free gel and LipoGel (embedded with 0.08 wt% DPPC SUVs) in the higher normal load range at v = 2 mm s~'. f) Friction coefficient (u) versus
shear velocity (v) under load F,, = 1 N. g) Schematic diagram of the lubricating mechanism of LipoGel. h) Comparison of u monitored over a period of
1 h between the DPPC-free gel and LipoGel (with 0.08 wt% SUVs) at F,, = 1 N.

the Supporting Information. SANS analysis further revealed that
the SUVs had a lipid bilayer thickness of 4.2 + 0.1 nm and a di-
ameter of ~#88 + 2.2 nm, while confirming the formation of MLVs
with a peak position at 0.10 A" corresponding to a d-spacing
of 62.8 A (cf. Section S14 in the Supporting Information).l®! As
shown in Figure 4c, the SUV LipoGel exhibited the lowest CoF,
while the MLV LipoGel facilitated slightly better lubrication com-
pared to the control sample. The larger size and broader size dis-
tribution of MLVs resulted in clustering and an inhomogeneous
distribution within the hydrogel matrix (cf. Figure 2c). By con-
trast, smaller SUVs were more uniformly distributed across the
hydrogel (cf. Figure 2d), facilitating more homogeneous hydra-
tion and imparting fortification to the gel mechanical robustness
(cf. Figure 3c), also mediating more effective lubrication.

The effect of the lipid concentration on lubrication was exam-
ined on LipoGels embedded with different amounts of DPPC li-
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posomes under the optimized gelation conditions. As shown in
Figure 4d, the CoF decreased as the lipid concentration increased,
with the LipoGel exhibiting improved lubrication performance at
higher lipid concentrations. Remarkably, even a trace amount of
DPPC liposomes, at a lipid concentration of 0.08 wit% (derived
from adding 1 mL of 2 mm DPPC liposomes), reduced CoF from
4#=0.047 +0.004 to = 0.022 + 0.001 at a normal load of F, =0.1
N, with the lubrication improvement even more pronounced at
higher loads. As schematically illustrated in Figure 4g, the excep-
tional hydration capability of DPPC liposomes underpins their
impact on the improved lubricating capability of LipoGels.[l The
highly hydrated zwitterionic DPPC lipid head groups can cre-
ate a tenaciously bound hydration layer, which plays a key role
in the hydration lubrication mechanism.[® As Lin et al. have
explained,[*®! the lubricious hydrated liposome headgroups at
the hydrogel boundary are in contact with the opposing sliding
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object, rather than the hydrogel surface itself. Sliding against the
water film on the elastic hydrogel material not only reduces fric-
tion but also effectively dissipates energy from the applied load.
With more liposomes incorporated, one would expect more effec-
tive hydration at the hydrogel boundary, mediating more effective
lubrication.

Such importance of the interfacial hydration at the hydrogel
boundary layer was demonstrated by comparing the CoF of the
alginate gel in air, water, and a 2 mm DPPC SUV dispersion. As
shown in Figure 4b, the gel exhibited certain lubrication efficacy
in air (4 = 0.170 = 0.009 at F,, = 0.1 N) due to the relatively high
water content (S,, #80%), and the reduction in CoF with load in
air may be attributed to water being expelled from the hydrogel
matrix of the surface. In comparison, submission in water and
the DPPC dispersion led to appreciable improvement in its lubri-
cation performance, albeit the LipoGel with embedded liposomes
mediated the most effective lubrication. It is conceivable that the
weak anchoring of liposomes from the solution onto the hydro-
gel surface would limit their effectiveness to hydration boundary
lubrication, particularly at higher loads.

Lubrication performance of the LipoGel (embedded with 0.08
wt% DPPC SUVs) was also benchmarked against the control
DPPC-free gel over a wider load range (F, =~ 0-5 N). As shown in
Figure 4e, the LipoGel CoF increased gradually from u = 0.022 +
0.001 to u = 0.051 = 0.002, remaining within the ultralow fric-
tion regime. A higher load would result in more pronounced
elastic hydrogel deformation at the contact and increased fric-
tion associated with a larger contact area, and also overcoming
the resistance from the deformation upon sliding.!%!) By contrast,
the DPPC-free hydrogel sustained a CoF approximately twice as
high up to load F, = 4 N, at which y experienced a marked rise
attributed to possible local structural disruption to the polymer
network. Such a more superior loadbearing capacity by the Li-
poGel while maintaining effective lubrication is consistent with
its higher Young’s modulus from microindentation measure-
ment (i.e., E~ 1.1 MPa at 25 °C; cf. Figure 3c) compared to the
DPPC-free gel (E =~ 700 kPa).

The CoF of the hydrogels also appeared independent of sliding
velocity within the range of 1-10 mm s! (evaluated at F, ~ 1 N;
Figure 4f). The lubrication longevity of the hydrogels was tested
over 60 min under water at F, = 1 N. As shown in Figure 4h, Li-
poGel maintained a CoF of u ~ 0.038 over the period; by contrast,
the control sample exhibited a noticeable increase in CoF in the
first 1000 s, followed by a gradual rise over time.

3. Further Discussions and Concluding Remarks

Concentrating alginate solutions before cross-linking via con-
trolled evaporation has proven to be a simple and effective
method for resolving the shrinkage issue in gelation by diva-
lent cation cross-linking. This approach overcomes the practi-
cal challenges of slow solubility and high solution viscosity at
high alginate concentrations. It also eliminates bubble genera-
tion commonly experienced during mechanical stirring or mix-
ing, enabling reproducible fabrication of a transparent, homo-
geneous hydrogel with morphological consistency. Resolving the
common shrinkage-upon-gelation problem ultimately enhanced
the hydrogel’s structural consistency and mechanical strength,
enabling its use as a load-bearing material.
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Figure 5. Radar chart of the nanostructural, lubrication, and mechanical
property profile, giving an overview of the relative differences between Li-
poGel (orange) and Gel (blue; no liposomes) in the following parameters:
friction coefficient u at the load of F,, = 1 N after 5 min and 1 h from tri-
bology, Young's modulus E from indentation at 25 and 42 °C, viscoelastic
modulus G’ from rheology, and mesh size & from SANS, with the control
gel (no liposomes) showing higher friction while LipoGel exhibited higher
mechanical robustness evident from higher E and G’values. In plotting the
chart, which appears as a hexagon with six dimensionless axes/spokes all
on a scale of 0-1, each of the six parameters is normalized with respect to
the maximum values registered across the two gel types.

While recent development of double-network or bilayer hydro-
gels has achieved exceptionally high contact pressure (approach-
ing several MPa),[®?] these systems require complex synthesis
processes with multiple chemical ingredients, steps, and reaction
conditions to be optimized, posing challenges for facile gel prepa-
ration and also biocompatibility. Physical cross-linking through
simple Ca?* addition here—via a controlled concentrating step—
achieved a robust LipoGel with a shear elastic modulus G’ 4
times that of a chemically cross-linked hydrogel incorporating
liposomes,[1¢! with the Young’s modulus (E ~ 1 MPa) compara-
ble to some of the recent chemically cross-linked hydrogels (such
as the double network—agarose and poly(acrylamide and acrylic
acid) hydrogell® and micropored poly(2-hydroxyethyl methacry-
late) hydrogel)[®* designed for lubrication. It thus offers a more
accessible and practical route for hybrid functional LipoGel syn-
thesis.

The radar chart in Figure 5 gives an overview of the relative
differences and correlation between different parameters char-
acterizing the nanostructural (mesh size &), lubrication (friction
coefficient p), and the mechanical properties (Young’s modu-
lus E and shear elastic modulus G) of LipoGel and the control
gel (no liposomes). Overall, LipoGel demonstrated more effec-
tive lubrication performance and more robust mechanical prop-
erties. Alginate hydrogels are intrinsically self-lubricious in wa-
ter, achieving a coefficient of friction y < 0.1. The incorporation of
trace amounts of DPPC liposomes (SUVs) in this work, inspired
by an approach pioneered by Klein and co-workers incorporat-
ing MLVs in a chemically cross-linked hydrogel,[®! significantly
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improved lubricity, reducing u to as low as 0.02—comparable
to that of advanced lubricating hydrogels reported in recent
studies.’ With liposomes extensively employed as drug-
delivery vectors,[®] their integration into the hydrogel matrix
opens up the possibility for multifunctional therapeutic biolu-
bricants. The successful encapsulation of a hydrophobic fluo-
rescent dye in DPPC liposomes incorporated in the gel in this
study serves as proof of concept, demonstrating the potential
for encapsulating and delivering therapeutic agents such as anti-
inflammatory drugs. In this context, biocompatibility is a crucial
consideration for hydrogels intended for biomedical applications.
Numerous previous studies have validated the biocompatibility of
alginate-based hydrogels, including cell viability assays showing
their minimal cytotoxicity.l®! Furthermore, DPPC as a key com-
ponent of mammalian cell membranes, is also prominent in the
synovial fluid,[*”] making it inherently biocompatible and noncy-
totoxic.

In conclusion, a liposome-embedded hydrogel (LipoGel) has
been successfully developed using the naturally derived bioma-
terial alginate and a simple physical cross-linking method. The
critical issue of shrinkage upon gelation was effectively resolved
by concentrating the alginate solution to 6.7 wt% before cross-
linking. The optimized cross-linking conditions were determined
using water content as an index, including the drying time, cross-
linking time (t, ~ 30 min), and Ca’* concentration (cc,,, ~ 5
wt%), giving a gel water content of S, ~ 80%. Confocal fluores-
cent microscopy confirmed the uniform distribution of DPPC
(SUV) liposomes within the hydrogel matrix, while cryo-SEM re-
vealed a compact porous structure with an average pore size of
~92 nm and also clear visualization of individual liposomes em-
bedded within the polymer network. The nanostructure of the
hydrogels was probed using SANS, and their mechanical prop-
erties were examined through rheological and microindentation
measurements. The LipoGel exhibited a storage modulus G’ =
200 kPa and a mesh size of £ ~ 3.5 nm, consistently ascertained
from SANS and rheology measurements. The incorporation of
DPPC liposomes fortified the gel Young’s modulus, with mi-
croindentation yielding E »~ 1 MPa at 25 °C for the LipoGel com-
pared to E = 700 kPa for the control alginate gel. The lubrication
performance of the LipoGels was critically compared with con-
trol gel samples. The results show that alginate LipoGel embed-
ded with only 0.08 wt% DPPC liposomes achieved a low friction
coefficient of y ~ 0.021 under a pressure of 0.45 MPa. The Li-
poGels also sustained superior lubrication efficacy, compared to
controls, under higher loads, which is insensitive to sliding veloc-
ity. LipoGels developed in this study combine a simple chemical
composition with a facile preparation method. Its enhanced me-
chanical strength, superior lubricity, and potential for therapeu-
tic encapsulation, coupled with strong biocompatibility, make it
a promising material for future research and practical use. The
transparency of the LipoGels would also permit ready light ac-
cess to the gel interior for potential noninvasive activation of ther-
apeutic actives, an aspect that remains to be further explored.
It would also be interesting to evaluate the frictional behavior
of LipoGels under different conditions, such as elevated tem-
peratures and pressures and evaluate the wear resistance of the
gels.
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