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Dynamic phototuning of 3D hydrogel stiffness
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Hydrogels are widely used as in vitro culture models to mimic 3D
cellular microenvironments. The stiffness of the extracellular matrix
is known to influence cell phenotype, inspiring work toward unrav-
eling the role of stiffness on cell behavior using hydrogels. How-
ever, in many biological processes such as embryonic development,
wound healing, and tumorigenesis, the microenvironment is highly
dynamic, leading to changes in matrix stiffness over a broad range
of timescales. To recapitulate dynamic microenvironments, a hydro-
gel with temporally tunable stiffness is needed. Here, we present
a system in which alginate gel stiffness can be temporally modu-
lated by light-triggered release of calcium or a chelator from lipo-
somes. Others have shown softening via photodegradation or
stiffening via secondary cross-linking; however, our system is ca-
pable of both dynamic stiffening and softening. Dynamic modula-
tion of stiffness can be induced at least 14 d after gelation and can
be spatially controlled to produce gradients and patterns. We use
this system to investigate the regulation of fibroblast morphology
by stiffness in both nondegradable gels and gels with degradable
elements. Interestingly, stiffening inhibits fibroblast spreading
through either mesenchymal or amoeboid migration modes. We
demonstrate this technology can be translated in vivo by using
deeply penetrating near-infrared light for transdermal stiffness
modulation, enabling external control of gel stiffness. Temporal
modulation of hydrogel stiffness is a powerful tool that will en-
able investigation of the role that dynamic microenvironments
play in biological processes both in vitro and in well-controlled
in vivo experiments.

hydrogel | dynamic microenvironment | cell spreading | transdermal

he extracellular matrix (ECM) undergoes dynamic remodel-
ing during many developmental and disease processes. Dy-
namic changes to both the structure and composition of the ECM
result in alterations to the biophysical properties of the matrix,
which are known to have significant influence on cellular be-
havior, including migration (1), alignment (2), proliferation (3),
morphology (4), and differentiation of progenitors (5, 6). Tem-
poral changes in matrix stiffness occur in tissue development (7),
liver fibrosis (8), tumor progression (9, 10), and myocardial in-
farction (11). As a clinically relevant example, healthy mammary
gland tissue has an elastic modulus of 100-200 Pa, whereas
mammary tumors are much stiffer, 1-4 kPa (9, 10). As a result of
ECM remodeling and increased deposition of matrix proteins
such as collagen I, tumor stiffness increases over time and cor-
relates strongly with the severity of disease (9). Recently, it has
been demonstrated that stiffness changes can contribute to dis-
ease progression and are not merely outcomes of disease (9, 12).
For instance, in a rat liver fibrosis model, increases in tissue
stiffness were seen several days before any histological evidence
of fibrosis was observed (8). However, the mechanisms by which
stiffness changes contribute to disease are still largely unknown.
Ideally, dynamic processes could be studied in engineered cell
culture systems in which stiffness changes could be controlled or
induced, yet development and implementation of these systems
remains challenging.
Hydrogels are ideal candidates to mimic ECM conditions
because they can be fabricated from a variety of synthetic and
natural polymers and can span the range of stiffness seen in soft

WWww.pnas.org/cgi/doi/10,1073/pnas. 1421897112

tissue (13). Most hydrogel materials are tunable initially by
changing polymer concentration or chain length, but have con-
stant mechanical properties throughout the culture period.
Degradation offers a means to soften gels over time, although in
a passive and uncontrolled manner. Simple dynamic hydrogels
were designed to degrade either hydrolytically (14) or enzymat-
ically (15), and later engineered with degradation sites tailored
to specific proteases (16). Recently, cell-mediated degradation
was replaced with user-controlled degradation through a photo-
cleavable moiety incorporated within the gel backbone, resulting
in temporal softening of the gel (17). To model more physio-
logically relevant stiffening events, UV light-triggered secondary
cross-linking mechanisms (18, 19) or kinetically slow reactions
have been implemented (20). However, compared with near-
infrared (NIR) light, UV and visible wavelengths suffer from
decreased penetration depth through water-based gels and es-
pecially through tissue, making translation to in vivo applications
difficult (21). Further, the photoinitiators used to produce free
radicals for polymerization can be cytotoxic (22). Addition-
ally, covalent cross-links are irreversible by nature, and can
abrogate some effects of matrix stiffness, such as directing
stem cell differentiation, compared with ionically cross-linked
gels (6, 19).

We sought to design a dynamically tunable system that could
be stiffened or softened temporally in 3D constructs. We chose
to use alginate in our system because guluronic regions of the
polymer backbone physically cross-link in the presence of di-
valent cations. Therefore, the gel stiffness depends on the calcium
concentration and can be temporally modulated by controlled
introduction of additional calcium or calcium chelators. Here, we
present a mechanism for NIR light-triggered release of calcium or
chelator from temperature-sensitive liposomes using encapsulated
gold nanorods to induce local heating upon irradiation. Our de-
sign allows for both stiffening and softening over time, either in
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Extracellular matrix (ECM) stiffness is an influential factor in
many biological processes. Temporal changes in ECM stiffness
are observed in cancer, cardiovascular disease, and wound
healing, and are likely involved in disease progression. How-
ever, no cell culture systems exist to appropriately model
temporal changes in ECM stiffness to determine the biological
relevance and mechanisms involved. Here, we present a 3D
hydrogel cell culture system in which the matrix stiffness can
be tuned by light. Our approach offers both spatial and tem-
poral control of stiffness, is compatible with cell culture, and
can be used transdermally for in vivo applications. This system
is amenable to many applications to investigate the influence
of matrix stiffness on cell behavior and fate.
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Fig. 1. Mechanism for light-triggered release from liposomes. (A) Schematic of temperature-sensitive liposome loaded with gold nanorods and calcium.
Upon irradiation, gold nanorods heat the lipid bilayer past its transition temperature, allowing calcium to permeate the lipid bilayer. (B) Irradiation of
liposomes mixed with an alginate solution causes release of calcium and an increase in cross-linking density. (C) Absorbance spectrum of gold nanorods,
demonstrating the narrow peak in NIR region. Shading denotes the optical window of highest penetration depth through tissue. (D) Rheometry of alginate:
liposome solutions after irradiation. Irradiation causes release of calcium and gelation, shown by increased G’ over controls. (E) MTS assay demonstrates no
loss of viability after irradiation of cell-seeded gels.

bulk gels or patterned regions. Cell viability is maintained during for 3D cell encapsulation experiments. Finally, the use of NIR
stiffness modulation, and we demonstrate changes in cell mor-  light allows for transdermal gelation and stiffness tuning, providing
phology in response to stiffening, making the platform well suited  an avenue for in vivo translation of this technology.
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Fig. 2. Modulation of matrix stiffness in 3D gels. (A) Liposomes loaded with gold nanorods and either CaCl, (stiffening) or DTPA (softening) are distributed
throughout a 3D alginate gel and irradiated for various times. (B) Irradiation induces release of liposomal cargo and either stiffening or softening.
(C) Stiffening rate and magnitude can be varied by changing the initial stiffness of the gels. All irradiation timepoints are statistically significantly greater
than unirradiated controls (P < 0.05) except 10 mM, 60 s. (D) Longitudinal study to demonstrate stiffening can be induced at least 14 d after initial gelation.
(E) Multiple irradiations of the same gel on consecutive days cause gradual stiffening. * denotes statistical significance of P < 0.05.
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Results and Discussion

Previously, calcium has been caged and released via irradiation
with UV light to gel alginate in microfluidic systems (23), but
the bound calcium concentration is low and the costs are pro-
hibitive for macroscale studies. We overcame these limitations
by encapsulating high concentrations of CaCl, (55 mM, Fig. S1)
in large, unilamellar liposomes (1-5 pm) produced via the in-
terdigitation fusion method (24). The liposomes were formed
from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), which
undergoes a gel-to-fluid phase transition at 41 °C. Gold nanorods
were also encapsulated in the liposomes as the triggering agent
(Fig. 14 and Fig. S2). Upon irradiation with NIR light near the
absorption peak (Fig. 1C), the gold nanorods undergo surface
plasmon resonance and locally heat their surroundings. Thus, local
heating induced by the irradiation of the gold nanorods allows
previously entrapped Ca®* to permeate the vesicle bilayer (25),
resulting in gelation and increased cross-linking density in alginate
(Fig. 1B and Fig. S3). Calcium and gold nanorod-loaded lipo-
somes were mixed with a solution of alginate and irradiated with a
continuous wave 808-nm laser (1.78 W/cm?). The irradiated so-
lution rapidly formed a gel, with a storage modulus much greater
than the unirradiated control solution (Fig. 1D). To assess
whether heating and calcium release negatively affected viability
or proliferation, Live/Dead and MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assays
were performed on MCF10A mammary epithelial cells distributed
within a 3D alginate gel along with liposomes. The gels were irra-
diated for various times, and assays were carried out 24 h after ir-
radiation. We observed no decrease in viability or proliferation due
to the presence of liposomes or irradiation (Fig. 1E and Figs. S4
and S9).

Dynamic tuning of gel stiffness was demonstrated by distrib-
uting liposomes within a 3D (8-mm-diameter, 3-mm-thick) al-
ginate gel, irradiating the gel, and performing rheometry after
overnight swelling in Dulbecco’s phosphate-buffered saline
(DPBS) (Fig. 24). The initial stiffness of the gels can be varied by
altering the initial calcium concentration (Fig. S6). Relatively
compliant gels (10 mM Ca" initially) could be stiffened from
91-Pa storage modulus to 1,179 Pa after 180 s of irradiation (Fig.
2B). The stiffness of the gel increases with the irradiation time,
due to the increased release of calcium from the liposomes.
Initially stiffer gels consisting of 20 mM and 30 mM Ca*" stiff-
ened at a faster rate and with a greater overall change in mag-
nitude, generating changes in storage modulus of 1,511 and 2,279
Pa, respectively (Fig. 2C). The stiffening profile and net change
in stiffness also increase with increasing concentration of lipo-
somes in the gels, as more calcium is available for release (Fig. S7).
Thus, the user has a high degree of tunability for modeling physi-
ological systems by varying initial stiffness, liposomes concentration,
and irradiation time. In general, our approach is suitable for
modulating hydrogels within the range of stiffness of soft tissues
(storage modulus of 10-5,000 Pa), with the understanding that the
maximum stiffness obtainable depends on the initial gel stiffness.
The range of stiffening for our gels spans that of observed stiffness
increases during fibrotic events like tumor progression (9, 10).
Additionally, differential stem cell lineage commitment in 3D
hydrogels (6) has been reported within the range of our system,
where adipogenesis is predominant from 2.5- to 5-kPa elastic
modulus and osteogenesis is favored as low as 11 kPa.

Unlike covalently cross-linked hydrogels, alginate cross-links
are reversible and the cross-linking density can be reduced to
soften gels. To achieve softening of bulk 3D gels, we loaded
diethylenetriaminepentaacetic acid (DTPA), a calcium chelator,
into the liposomes instead of CaCl,. Upon irradiation and re-
lease, DTPA chelated calcium from the alginate cross-links,
resulting in increasingly softer gels with irradiation time (AG’ =
502 Pa, Fig. 2B). The smaller overall change in stiffness for DTPA
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release compared with calcium is likely due to competition be-
tween alginate and DTPA for calcium ions. However, this differ-
ence is still within the range of stiffness changes measured during
tumor progression (9) and will be useful for dynamic modeling.
Finally, we verified that release of DTPA does not compromise
viability (Figs. S4 and S5).

Experiments that would use a dynamic system such as the one
presented here would require cell culture within the gels for
a period of days to weeks before irradiation to modulate the
stiffness. We mimicked this scenario by forming gels with CaCl,-
loaded liposomes distributed throughout and incubating them
for up to 2 wk before irradiation. Upon irradiation on day 1, 3, 7,
or 14, the gels stiffened significantly compared with controls
that were maintained for the same duration but not irradiated (Fig.
2D). Thus, longitudinal studies with dynamic stiffening events
could be carried out using this platform. Additionally, we were able
to gradually stiffen gels over the course of 3 d based on the number
of irradiation doses to which the gels were exposed (Fig. 2F).

The light-based triggering modality allows direct control of not
only when the gels are stiffened but also where stiffening occurs,
by spatially controlling the laser profile. A stiffness gradient was
formed in a gel slab by varying the irradiation intensity along a
gradient (Fig. 34). We were able to generate gradual or steep
gradients of elastic modulus from ~2 kPa to over 20 kPa, as mea-
sured by atomic force microscopy (Fig. 3B). In addition to forming
stiffness gradients, our technique is well suited for generating locally
stiffened regions in an initially uniform, soft gel by focusing the
laser. Stiff regions were patterned in compliant bulk gels by focusing
the laser beam to a small spot and translating the gel with
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Fig. 3. Spatial tuning of gel stiffness. (A and B) Laser intensity gradients can
be used to generate gradients in gel stiffness. Gels are stiffened in gradients
of varying slopes. (C and D) Stiffness patterns can be made by focusing light
on particular gel regions. (E and F) Metal-on-glass photomasks can be used
to create defined stiffness patterns.
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a motorized stage (Fig. 3 C and D). Additionally, other common
photolithographic techniques such as photomasking can be used to
produce patterns as well. Using a metal-on-glass photomask, we
were able to generate stiff patterns in an initially uniform, com-
pliant gel (Fig. 3 E and F). The resolution we were able to achieve
with these systems was between 200 and 400 pm, similar to other
dynamic hydrogel systems (26). Spatial modulation of gel stiffness
will allow for unique experimental designs in which the effects of
matrix stiffness can be assessed on cells in close proximity and
otherwise identical culture conditions.

The influence of matrix stiffness on cell morphology in 3D
hydrogels is not well understood. Unlike 2D substrates where
cell spreading generally increases with stiffness (27, 28), cells
seeded within 3D arginylglycylaspartic acid (RGD)-alginate
hydrogels showed little variation in morphology across a wide
range of stiffness (6). Later, cell-mediated degradation was
demonstrated to be necessary for cell elongation within 3D co-
valently cross-linked gels, independent of matrix stiffness (19).
However, recently matrix stiffness was shown to dictate cell
morphology in 3D alginate—collagen I interpenetrating networks
(29). Thus, the extent to which matrix stiffness or degradability
regulates cell morphology in 3D environments is unclear. To ad-
dress some outstanding questions from these previous studies, we
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investigated the morphological and phenotypic response of 3T3
fibroblasts to dynamic stiffening in both gels possessing degradable
components and nondegradable gels. Alginate does not possess
cell adhesive moieties, therefore we introduced cell adhesion sites
through two approaches. In one set of gels, Matrigel was mixed
with the alginate solution at 25% vol/vol. RGD-conjugated algi-
nate was used in a second set of experiments to reduce the
complexity of the system, namely the ability for cells to degrade
the matrix and the uncertain nature of mechanotransduction in an
alginate-Matrigel composite network. NIH 3T3 fibroblasts were
cultured for 24 h in compliant gels and then irradiated for 30, 60,
or 120 s or left unirradiated as controls. As demonstrated above,
the stiffened gels had a modulus proportional to the irradiation
time (Fig. 44). After an additional 48 h, the cells were stained with
calcein acetoxymethyl (AM) ester to ensure viability was main-
tained and to provide fluorescent images of cell morphology.

In the alginate-Matrigel composites, we observed elongated
cells in the unirradiated group (statically soft) that became more
rounded with increasing irradiation time and thus increased
stiffening (Fig. 44 and Fig. S8). Cell perimeter, aspect ratio, and
circularity all decreased significantly after 120 s of irradiation
compared with unirradiated controls (Fig. 4 C-F). However, cell
area was not affected by irradiation. In compliant gels, the
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Fig. 4. Stiffening inhibits elongated morphologies in fibroblasts in both degradable and nondegradable gels. (A) NIH 3T3 fibroblasts were encapsulated in

alginate gels containing Matrigel as a cell adhesive ligand and CaCl,-loaded liposomes. After 24 h, gels were increasingly irradiated to induce stiffening. After
a total of 72 h, the cells were imaged using phase contrast and two-photon microscopy (calcein-AM stained). Z projections of calcein-AM stained cells
demonstrate more rounded cells in gels that were stiffened by irradiation, whereas mesenchymal morphologies were observed in soft control gels. Scale bar,
100 pm. (B) Gels made with RGD-conjugated alginate were used in place of the Matrigel-alginate composites from A. The cells transitioned from an elon-
gated, amoeboid morphology to a rounded shape as the gels were stiffened. ((—F) Metrics based on traces of at least 25 cells from each group of A. Cells
became more rounded as irradiation time (stiffness) increased. Circularity was calculated as P%/4rA and equals 1 for a perfect circle. * indicates statistical
significance of P < 0.05.
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fibroblasts were able to enzymatically degrade or mechanically
deform the matrix and form extensions into the gels. As the gels
were stiffened, the cells’ ability to remodel the matrix was im-
paired and the cells were predominately rounded, either because
the matrix was too stiff to deform or because degradation sites
were blocked by the introduction of additional cross-links (19).
Using alginate—collagen I interpenetrating networks, a similar
inverse relationship between cell elongation and matrix stiffness
has been observed with both static and dynamically cross-linked
systems (29, 30). However, it is still unclear if the inhibition of
cell elongation is due to matrix stiffness per se, or because the
high cross-link density blocks degradation sites.

To address this question, we used nondegradable RGD-con-
jugated alginate gels. If degradation were necessary for cell
elongation in 3D, then the cells would remain rounded inde-
pendent of matrix stiffening. Interestingly, we again observed
increased elongation in soft gels and more rounded morpholo-
gies in dynamically stiffened gels (Fig. 4B and Fig. S8). Notably,
in RGD-conjugated alginate, the fibroblasts adopted an amoe-
boid morphology where elongated cells formed blebs extending
into the soft gels, morphologically distinct from the mesenchymal
migration observed in alginate-Matrigel composites (31). After
stiffening the gels, the amoeboid cells were no longer able to
deform the polymer network enough to elongate. Thus, we
demonstrate that 3D matrix stiffness dictates cell morphology in
both degradable and nondegradable gels, whether cells have
adopted mesenchymal or amoeboid migration modes.

We sought to further confirm the morphological changes were
a direct result of stiffening by seeding fibroblasts on top of 2D
RGD-alginate gels. On stiff 2D substrates, cells tend to spread,
whereas they remain rounded on soft substrates (27, 28). Indeed,
with our system, the cells remained rounded on the 2D control
gels, yet spread after the gels were stiffened by irradiation (Fig. S9).

This demonstrates, in the most conventional method, that cell
morphology is dictated by dynamic stiffening in our system and
validates that the previous results seen in 3D gels are a result of
increased stiffness and not other factors, like heating or calcium
release. It is interesting that the relationship between gel stiffness
and cell spreading is seemingly contradictory between 2D and 3D
gels. This highlights the need for more advanced 3D hydrogel
models, like the one presented here, to more accurately recapitulate
in vivo biology.

Hydrogels are used in vivo for delivery of therapeutics or cells,
as tissue engineering constructs, and in studies interrogating the
influence of matrices on disease (32, 33). Transdermal gelation
provides a minimally invasive mode of hydrogel delivery (34).
Furthermore, external modulation of stiffness could be used to
tune drug release rates, alter construct degradation or remod-
eling, and modulate the biophysical properties of the injected
matrix. NIR light falls within the “optical window,” a small range
of wavelengths for which light penetration through tissue is
maximized (21). We sought to use this feature of our design for
transdermal gelation and stiffness modulation. An aqueous so-
lution of alginate was mixed with 20% vol/vol calcium and gold
nanorod-loaded liposomes and injected s.c. into the dorsal re-
gion of a nude mouse. As a control, liposomes without gold
nanorods were used. The laser was positioned 20 mm away from
the injection site and the solution was irradiated for 5 min (Fig.
5A). The temperature was monitored during the experiment with
an IR camera. The presence of the gold nanorods resulted in
a much faster heating rate (Fig. 5 B and C). Heating did occur to
a lesser extent in the control group, which can be attributed to
absorption of light by the skin. After irradiation, the gels were ex-
cised from the animals and rheometry was performed. The solutions
with gold nanorod-loaded liposomes formed gels with storage
moduli of 675 Pa, whereas the solution without gold nanorods
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Fig. 5. Transdermal light-triggered gelation and stiffening. (A) An alginate solution containing CaCl,-loaded liposomes either with or without gold nanorods
was injected s.c. into the dorsal region of a nude mouse. The region was irradiated for 5 min and gels were harvested for mechanical testing. (B) IR images of the
mouse indicate significantly faster heating in gold nanorod-loaded liposomes. (C) Temperature profile over the course of irradiation. (D) Gold nanorod-loaded
liposomes yielded gels that had significantly higher storage moduli than the ungelled alginate solution. (E) Photograph of mouse during irradiation (Top) and
resulting gel after irradiation (Bottom). Scale|/bar, 5 mm. (F) Gels irradiated transdermally stiffened significantly compared with unirradiated controls.

Stowers et al.

PNAS | February 17,2015 | vol. 112 | no.7 | 1957

ENGINEERING

APPLIED BIOLOGICAL
SCIENCES

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421897112/-/DCSupplemental/pnas.201421897SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1421897112/-/DCSupplemental/pnas.201421897SI.pdf?targetid=nameddest=SF9

o
&
S
&
o
&
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
g
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

remained un—cross-linked (Fig. 5 D and E). The un—cross-linked
solutions could not be recovered for rheometry, so a fresh so-
lution of alginate and liposomes was tested as a substitute.

After demonstrating the feasibility of transdermal gelation, we
sought to translate our stiffening strategy to a transdermal model.
Alginate was mixed with calcium and gold nanorod-loaded lipo-
somes, 20 mM CaCOs, and 40 mM glucono-8-lactone in a syringe.
The solution was injected into the dorsal region of a nude mouse
and allowed to gel. Half of the gels were then irradiated for 5 min
to induce stiffening, whereas the other gels were not irradiated as
controls. The gels were harvested and the storage modulus was
measured via rheometry. We found the irradiated samples to be
significantly stiffer than the control gels (2,363 Pa vs. 797 Pa, Fig.
5F) and statistically similar to 20 mM CaCOj; gels from the pre-
vious in vitro work (Fig. 2C). Thus, our system for stiffness mod-
ulation is translatable to in vivo models and could be broadly used
to externally tailor factors that depend on gel stiffness.

We have developed an NIR light-triggered mechanism to in-
crease or decrease the stiffness of 3D hydrogels with both spatial
and temporal control. The system is cytocompatible and amenable
to modeling dynamic phenomena, such as tumor progression or
tissue fibrosis, to isolate the effects of matrix stiffening. We used
this system to demonstrate the regulation of fibroblast morphology
by matrix stiffness in both degradable and nondegradable gels.
Furthermore, we have demonstrated the ability to control the
release of cargo from liposomes via transdermal irradiation and
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remotely modulate the gel stiffness. Thus, it is possible to translate
in vitro findings to more relevant in vivo models while maintaining
the same hydrogel system.

Materials and Methods

Alginate was purchased from FMC Biopolymer (Pronova UP MVG) and dis-
solved to 4% wt/vol in DPBS. This solution was diluted to produce a final
alginate concentration of 2% wt/vol for all gels. Liposomes were produced
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