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ABSTRACT: Hydrogels of biopolymers such as agar and gelatin are

widely used in many applications, and in many cases, the gels are i
loaded with nanoparticles. The polymer chains in these gels are cross- G
linked by physical bonds into three-dimensional networks, with the P
mesh size of these networks typically being 10—100 nm. One class of (D;':F’szs’ge:m) _ d b
“soft” nanoparticles are liposomes, which have an aqueous core % 0 9_
surrounded by a lipid bilayer. Solutes encapsulated in the liposomal [

core can be delivered externally over time. In this paper, we create Wiosoiiss %
liposomes with diameters ~150 nm from an unsaturated phospholipid trapped

(lecithin) and embed them in agar gels (the aqueous phase also e y

contains 0—50% of glycerol, which is an active ingredient in cosmetic Gel nefwork

products). Upon placing this gel in quiescent water, we find that the e

liposomes release out of the gel into the water over a period of 1-3

days, even though the gel remains intact. This is a surprising result that

runs contrary to our expectation that the liposomes would simply remain immobilized in the gel. We show that the release rate of
liposomes can be tuned by several variables: for example, the release rate increases as the agar concentration is lowered and the rate
increases steadily with temperature. In addition to agar, release of liposomes also occurs out of other physical gels including those of
agarose and gelatin. However, liposomes made from a saturated phospholipid do not release out of any gels. We discuss a possible
mechanism for liposomal release, which involves intact liposomes deforming and squeezing through transient large pores that arise in
physical networks such as agar. Our findings have relevance to transdermal delivery: they suggest the possibility of systematically
delivering liposomes loaded with actives out of an intact matrix.

B INTRODUCTION

Topical formulations (gels, creams, lotions, and pastes) are
widely used in cosmetics and pharmaceutics."”> These
formulations typically contain an active ingredient (e.g, a
hydrating agent or a drug) loaded into an aqueous matrix.
When applied onto the skin, the active ingredient, which is
typically a small molecule, is expected to diffuse through the

to be rather dense: the “mesh size” of the network, which
reflects the sizes of pores between network strands, has been
estimated to be ~100 nm.”

One route to enhancing the properties of topical
formulations that has been widely explored is by incorporating
nanoparticles into the formulation."”” An example of soft
nanoparticles are liposomes, i.e., vesicles formed from

. . 1 810 1.
outer layers of the skin and thereby get absorbed into the b10§om§aélble 11'1p. ljsl.)'l Lip o;or}llles have anb aC{ueZuZ cc?r}el
underlying tissue. A model material for studies on topical enclosed by a fipid bilayer, and the core can be loaded wit

delivery is a hydrogel matrix loaded with the active."” actives. When such liposomes, with typical diameters ~100
Biocompatible hydrogels can be made from common nm, are inl%orlpéorated into hydrogels, several benefits are
biopolymers such as agar, agarose, gelatin, chitosan, alginate, anticipated. For example, an active in the lip o.sc')mall core
pectin, and guar gum.>* For example, agar is a polysaccharide would face two transport barriers: one from the lipid bilayer
extracted from algae that forms gels in water.”® The agar gel and the other through the gel matrix. As a result, the delivery of

structure is a three-dimensional (3-D) network of agar chains — 7
connected at “helical” junctions (i.e., two or more agar chains Received:  March 3, 2020 LANGMUIR
are intertwined into a helix at these junctions). The bonds Revised:  May 22, 2020
holding the helices are physical bonds, which means that they Published: June 16, 2020
can be broken easily. Thus, agar gels are thermoreversible: they
can be “melted” to a sol (solution) by heating, and they revert
to a gel upon cooling.” The network in an agar gel is expected
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the active from a liposome-bearing gel could be prolonged (as
compared to the control case of a bare gel with the same
active). Additionally, if the liposomes in the gel have
responsive properties, the same would be conferred to the
overall gel. For example, if the liposomes are pH-responsive
but the gel matrix is not, the release of solute from a liposome-
loaded gel would still show a sharp dependence on pH."® In all
these studies, the liposomes are expected to be immobilized in
the gel matrix, provided the bonds constitutin(g the network
remain intact (i.e., do not degrade over time).'""'® The same
assumption is also made in studies on liposome-loaded gels for
purposes unrelated to solute delivery. One example is for
sensing, where the molecules to be sensed are assumed to
diffuse into the gel and trigger a response in the encapsulated
liposomes (e.g., a color change), whereas the liposomes are not
expected to diffuse out of the gel.'”'®

In this paper, we focus on a system of liposomes
encapsulated in hydrogels such as agar. Our original intent
was to use this as a model system relevant for topical delivery
and to study the release of solute from this liposome-loaded gel
into the surrounding solution. In our typical experimental
setup (Figure 1), the gel is placed in a vial, and an aqueous

Liposomes
Liposomes
trapped \ |
in a gel

Figure 1. Schematic of the experimental setup in this study and the
key finding. Initially, (left) liposomes are embedded in a hydrogel
such as agar, and water is placed above the gel in a vial. Over time (1—
3 days), some of the liposomes release out of the gel into the water
above. The release of liposomes can be visually observed as an
upward-moving blue front in the water.

solution is introduced in the headspace above the gel. To our
surprise, we observed that the liposomes escape out of the gel into
the solution as time progresses. This can be seen visually from
the upward-moving blue front in the solution (Figure 1; see
below for details). This is a surprising result because we

expected the liposomes to simply remain immobilized in the
gel. To substantiate this unusual result, we have investigated a
number of factors, including the concentrations of various
components in the gel, as well as temperature. We have also
studied different gel matrices (made from biopolymers other
than agar) and also liposomes made with different
phospholipids. Overall, we confirm the main result, ie., that
liposomes can indeed translocate across the gel—water
interface in many (but not all) cases studied. Moreover, the
rate of liposomal release can be systematically tuned by several
of these variables. We conclude by discussing three possible
mechanisms for liposomal translocation. The results from this
study may inspire new designs for topical formulations in
cosmetics and medicine.

B RESULTS AND DISCUSSION

Liposomes in Agar Gels. Our typical system consists of
liposomes from lecithin (soy-phosphatidylcholine or soy-PC)
in agar gels. We formed liposomes using 2.5% lecithin and
characterized them by dynamic light scattering (DLS). The
hydrodynamic diameter (D}) of the liposomes in deionized
(DI) water from DLS was around 200 nm. We also prepared
liposomes in aqueous solutions containing 10—50% of glycerol,
which is a common hydrating agent in cosmetic formulations.
Previous studies had shown that liposomes were stable in the
presence of glycerol, and we confirm this ﬁnding.lg_21 The Dy
of the liposomes decreased from 200 + 10 nm without glycerol
to 130 = 20 nm with 50% glycerol, as shown by Figure S1 in
the Supporting Information. The presence of liposomes in a
30% glycerol solution was also corroborated by cryotransmis-
sion electron microscopy (cryo-TEM). Figure S2 in the
Supporting Information shows typical cryo-TEM images of this
sample, which reveal spherical unilamellar liposomes. A size
distribution was extracted from these images, and the average
diameter of the liposomes is 70 & 20 nm, which is smaller than
the Dy measured by DLS. Such a discrepancy has also been
noted in other studies.””

Agar is a natural biopolymer extracted from red seaweed.”®
It consists of agarose and agaropectin: the former is a nonionic
constituent responsible for gelation, while the latter has
sulfated groups that impart a net anionic character to the
gel.>® Agar is insoluble in cold water but dissolves at
temperatures close to the boiling point of water, with the
chains being random coils at this stage. Upon cooling below

d) 24 h

Liposomes
in agar gel

Figure 2. Release of liposomes over time from an agar gel to the solution above. (a) At t = 0, the agar gel containing liposomes is contacted with
water in the headspace above it. Over a period of 3 days (72 h), the liposomes escape out of the gel into the water, which can be seen in the photos
(b—f) as an upward-moving blue front. In the photo in (e), the height h of the blue front from the gel surface is marked, and this is normalized by
hy to determine the extent of liposomal release by eq 1. After the blue front has filled the entire headspace, a sample of this liquid is withdrawn and
studied by cryo-TEM. The image on the right confirms that the sample contains unilamellar liposomes.
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~45 °C, the random coils transform into double helices, which
aggregate at junction zones to form a 3-D network.”® Once
formed, this hydrogel will melt (i.e., become a sol) when
heated to ~85 °C, and the sol will re-form upon cooling.” To
embed liposomes in agar gels, we mixed an agar solution with a
liposomal suspension in a 1:1 volume ratio at a temperature
above 45 °C and then cooled the solution to room
temperature to form the final gel.

Visual evidence confirms that the liposomes are present in
the gel (Figure S3 in the Supporting Information). Liposomal
suspensions have a bluish color because of the scattering of
light by the liposomes (Figure S3A). A bare agar gel (without
liposomes) is slightly bluish in color because the helical strands
and/or their junctions (where the strands meet) weakly scatter
light (Figure S3B). In comparison, the agar gel with liposomes
is highly turbid (Figure S3C)—more so than the liposomes or
the bare gel. The higher turbidity reflects the presence of
liposomes embedded in the gel. The fact that liposomes can
remain intact in an agar gel is further shown by data from
small-angle neutron scattering (SANS). SANS spectra are
provided in Figure S4 (Supporting Information) for a
liposomal suspension in D,0, for an agar gel (in D,O)
containing liposomes, and for liposomes in 30% and 50% v/v
deuterated glycerol solutions. In all cases, the spectra show a
slope of —2 at low values of the scattering vector g, which
reflects the presence of liposomes.*® The ability to encapsulate
intact liposomes in gels is indeed to be expected, as it has been
done previously with many other liposomes and in many gel
matrices.'* ¢

Release of Liposomes from Agar Gels. In working with
agar gels bearing liposomes, our initial aim was to encapsulate
actives in the liposomes and study the release of these actives
into the external solution. For this, we used the experimental
setup shown in Figure 2. Here, a 1% agar gel with liposomes
(2.5% lecithin) is at the bottom of a vial, and quiescent water is
placed in the headspace above the gel at t = 0 (Figure 2a). As
time progresses, we were interested in measuring the
concentration of actives in the headspace. However, we
found an unusual phenomenon, which can be seen from the
photos at different times over a period of t = 72 h (Figure 2a—
f). A blue front can be seen to arise from the gel—water
interface and move upward over time. The height of the blue
front from the gel surface is denoted by h (see Figure 2e), and
we can experimentally measure h as a function of t. Eventually,
the blue front extends all the way to the top of the headspace
solution, i.e., up to a height h,. We will show that the blue front
represents the release of liposomes out of the gel into the
surrounding water. Such a result is unexpected because we
assumed that liposomes would be immobilized within the agar
gel, consistent with previous studies on liposomes in gels.'~"°

What exactly is the blue front? Does it really consist of
liposomes? To ascertain this, we first conducted control
experiments with a bare agar gel that did not contain
liposomes. In this case, no blue front was observed in the
headspace even over weeks. The gel—water interface remained
intact, and there was no sign of any species leaking out of the
gel. We also confirmed that the agar gel was unaffected by the
water in the headspace over long times; that is, there was no
degradation of the gel. This is in line with expectations because
agar gels are known to remain stable and robust and
furthermore do not swell at all in water.”* Next, in the case
of the agar gel with liposomes (Figure 2), we performed
additional experiments. After the blue front had formed and
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extended to a significant height 4, as shown in Figure 2e,f, we
removed the liquid above the gel, mixed it until it became
homogeneous, and studied it with a couple of techniques. DLS
revealed structures with a diameter of 100 + 20 nm in this
liquid, which matched the sizes of liposomes embedded in the
gel. Also, we conducted cryo-TEM on this liquid sample, and
we again found unilamellar liposomes in it, as can be seen from
the image in Figure 2. Thus, there is strong evidence that the
structures released into the headspace from the liposomal gel
are indeed liposomes.

Rate of Liposomal Release from Agar Gels. To gain
insight into the unusual phenomenon documented by Figure 2,
we studied the effects of various factors. From experiments like
those shown in Figure 2, we can easily monitor the kinetics of
liposomal release. Extraneous variables such as the size of the
vial, the height (volume) of gel in the vial, and the height k, of
water in the headspace above the gel were all held constant.
The height of the liposomal front h (starting from the gel—
water interface) was monitored over time, and this was
normalized by h; to obtain an extent of liposomal release ¢ (in
%)

h
? = (1)

First, we consider the effect of temperature on the release
rate. The experiment shown in Figure 2 was done at room
temperature (21 °C), and we repeated the experiment for the
same sample (1% agar and 2.5% liposomes) at 4 and 35 °C.
Figure 3 plots the extent of release ¢ at the three temperatures

100 : -—0—0
= 35°C /
80 — /
- / @ 21°C _9
_ - @ / -
§60: /! / */0’.
=y — /‘ /_.,— 4°C
40_—/ - ;
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Figure 3. Effect of temperature on the release of liposomes from an
agar gel. The gel is made of 1% agar and the concentration of
liposomes in it is 2.5%. Release profiles are plotted at three
temperatures. The y-axis represents the extent of liposomal release,
as calculated from the height of the moving blue front by eq 1. The
photos of the vials after 48 h illustrate the faster release at 35 °C
compared to 4 °C.

(T). Liposome release occurs at all T and its rate increases
steadily with T. That is, the plot of ¢ versus T is initially almost
linear, and the slope of this line, which signifies the release rate,
is greater at higher T. As examples, some vial photos at 48 h
are included in Figure 3: note that the entire headspace is
bluish at 35 °C (i.e., h = h,), whereas at 4 °C, the blue front
has only reached 40% of the headspace (i.e., h & 0.4h). It is
worth emphasizing that the agar gel remains unaltered (in
terms of its rheological properties) over the range of T studied.
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The lecithin liposomes are also insensitive to T (in terms of
their size). Thus, the results imply a faster transport of intact
liposomes out of the intact gel at a higher T.

Next, we varied the concentration of liposomes embedded in
the gel between 0.5 and 2.5% with the agar fixed at 1%. All
experiments were done at 21 °C. Figure 4 shows that the
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- =9 EO
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Figure 4. Effect of liposomal concentration on their release from an
agar gel. The gel is made of 1% agar, and the studies were all done at
21 °C. Release profiles are plotted for three liposomal concentrations.
The y-axis is the extent of liposomal release, as calculated from the
height of the moving blue front by eq 1. The photos of the vials after
72 h illustrate the faster release at the highest liposomal concentration
compared to the lowest.

release extent ¢ increases as the concentration of liposomes
increases. As examples, the vial photos at 72 h in Figure 4
reveal that the entire headspace is bluish when there is 2.5% of
liposomes, whereas in the case of 0.5% liposomes, the blue
front has only moved up to 40% of the headspace. We then
varied the concentration of agar from 0.5 to 2.5% while the
liposome concentration was fixed at 2.5%. Increasing the agar
increases the gel modulus (i.e., the stiffness of the gel) and
decreases the mesh or pore size.”** This is indicated by the
rheological data in Figure SS in the Supporting Information,
and we will return to these aspects later in the paper. Figure 5
plots the release extent ¢ for various agar concentrations, and
there is again a systematic trend: the release rate increases as
the agar concentration decreases, that is, as the gel becomes
softer and more porous. The vial photos at 72 h again clearly
reveal the differences between the lowest (0.5%) and the
highest (2.5%) agar content. We also see, once again, that the
release curve is close to linear at the lowest agar concentration
and nonlinear at higher concentrations. Note that a linear
increase in ¢ (implying a constant rate of release) means that
the release cannot be due to diffusion alone. Diffusive release
would be reflected in a scaling of ¢ ~ t*° and in turn a
decrease in release rate with time.*

In all the above samples, the agar gel contained 30% of
glycerol. Is the glycerol somehow inducing the liposomes to be
released? To test this aspect, we prepared an agar—liposome
gel in DI water (no glycerol), with the other concentrations
being identical to the sample shown in Figure 2 (1% agar and
2.5% liposomes). We monitored this sample over time using
the same setup as above. Liposomal release into the headspace
was also observed in this case, and the release rate was actually
much faster than in Figure 2, as shown by Figure S6 in the
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Figure S. Effect of agar concentration on the release of liposomes
from agar gels. All gels contain 2.5% liposomes, and the studies were
done at 21 °C. Release profiles are plotted for five agar
concentrations. The y-axis is the extent of liposomal release, as
calculated from the height of the moving blue front by eq 1. The
photos of the vials after 72 h illustrate the faster release at the lowest
agar concentration compared to the highest.

Supporting Information. This indicates that the solvent
composition in the gel is not the primary factor behind
liposomal release. The glycerol has minor but important effects
on several parameters including the viscosity of the continuous
phase, the size of the liposomes, and the modulus of the agar
gel. However, the phenomenon is quite general and occurs
with aqueous samples as well. For the purpose of this paper, we
will ignore this variable and continue to work with samples
containing 30% glycerol.

Liposomal Release from Other Gels. Can liposomes be
released out of gels other than agar? To study this aspect,
liposomes (based on lecithin) were embedded into two other
biopolymer gels (agarose and gelatin) and into two chemically
cross-linked polymer gels. Agar and agarose gels are very
similar;*” as noted earlier, agarose is the component of agar
that is responsible for gelation upon cooling a hot sol. Thus,
agarose gels also contain helical junctions between the chains.
One difference is that agarose chains are nonionic, whereas
agar is anionic because of the sulfate groups in the agaropectin
component. Since agaropectin is absent in agarose, its gels
exhibit higher moduli than agar gels at a given concentration.”’
Here, we prepared 1% agarose gels with 2.5% liposomes.
Release of liposomes from the gels into the external solution
was indeed observed (Figure 6a), just as from agar. Next, we
studied gels of gelatin, which is a denatured form of the protein
collagen. Gelatin forms a gel by transitioning from random
coils in the hot sol into triple helical junctions upon cooling.”**
The gels we studied contained 5% gelatin and 2.5% liposomes.
As shown by Figure 6b, liposomes do get released from these
gels into the external solution. The rate of liposomal release
was comparable to that in 1% agar, with the entire headspace
being filled with liposomes (i.e., ¢ reaching 100%) in about 72
h.

We have also attempted to study liposomes in gels formed
by covalent cross-linking of monomers like acrylamide (AAm).
To create these, we combined the liposomes with the
monomer, cross-linker, initiator, and accelerator and con-
ducted free-radical polymerization at room temperature (see
Experimental Section for details).”” The resulting gel showed
no release of liposomes into the headspace water even over
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Figure 6. Liposomal release from other gels. All gels contained 2.5%
liposomes, and the studies were done at 21 °C. The photos are of vials
with the liposomal gel at the bottom and quiescent water on top for
48 h. Release of liposomes into the water occurs in the case of both
1% agarose (a) and 5% gelatin (b). This is evident from the moving
blue front in the headspace water in both cases.

weeks. However, the results are difficult to interpret because it
is not clear if cross-linking of the monomer occurs in the
liposomal core as well as around the liposomes. In other words,
the liposomes in this instance may get converted into nanogels
or may become intertwined with the polymer network through
covalent bonds—which would explain why the liposomes
would not be free to diffuse. A revealing experiment in this
regard is to contact the gel with a solution of the detergent
Triton X-100, which is known to transform liposomes into
micelles. If the detergent was added to the headspace water
above a gel, then a downward-moving clear front would be
seen in the gel, indicating the conversion of liposomes in the
gel into micelles. Such a clear front is indeed seen in the case of
an agar liposomal gel but not in the case of an AAm gel. For
this reason, we have chosen to omit further discussion of
covalent gels bearing liposomes.

Varying the Liposomal Composition. Does the release
of liposomes depend on the nature of lipids that form the
liposomal bilayer? Thus far, the liposomes we studied were
formulated using lecithin, which has cis-unsaturations in both
its alkyl tails (Figure 7a). Due to the unsaturations, bilayers of
lecithin will be in a fluid state at room temperature and will
freeze into a more rigid and ordered state only if cooled below
their melting temperature T, of —14 °C.”**’ As a comparison,
we studied liposomes of DPPC. This lipid has two saturated

C tails (Figure 7) and thereby a much higher T,, of 41 °C.*
Bilayers of DPPC will thus be in a frozen state at room
temperature and will become more fluid only if heated above
45 °C. We prepared DPPC liposomes (D, of 130 + 20 nm)
and embedded 2.5% of the liposomes in a 1% agar gel. Figure
7b shows this liposomal gel at room temperature (21 °C) with
quiescent water above this sample. No release of liposomes
into the water could be detected visually (or by DLS) over 48
h. We then repeated this experiment at temperatures of 50 and
70 °C, which are above the T, of DPPC, and this scenario is
also shown in Figure 7b. Again, no release of liposomes into
the external solution was observed. Thus, the key result here is
that liposomes release out of agar gels if they are made from
lecithin (an unsaturated lipid) but not from DPPC (a saturated
lipid).

B DISCUSSION: MECHANISM FOR LIPOSOMAL
RELEASE

We have provided compelling evidence for the time-dependent
release of liposomes from gels such as agar into the external
solution. To reiterate, this is a surprising and unexpected result
because liposomes (with sizes >100 nm) are expected to
remain immobilized in these gels based on previous
studies'*™" on similar systems. So why are the liposomes
able to escape, i.e., what is the mechanism for this? There are
three hypotheses to consider, and we will discuss each of them
in order:

(1) The gel network has pores that are large enough for
liposomes to pass through by simple diffusion.

(2) The pores in the gel are smaller than the liposomes, but
the liposomes break up into unimers (individual lipids),
which escape out and re-form liposomes in the external
solution.

(3) The gels develop transient pores that are relatively large,
and liposomes can squeeze through these pores.

Hypothesis 1. Our initial focus is on the pores in agar and
other gels. The pore or mesh size £ is the average size of pores
in the network, i.e, of the spaces between adjacent cross-
links.”>*" This parameter is difficult to measure directly. There
have been attempts to measure or indirectly estimate it using
microscopic, scattering, and rheological techniques,25 but each
of these approaches is fraught with issues. Pore sizes for agar

(a) Lecithin (soy-PC): lipid with unsaturated tails
o [*]
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Lecithin
liposomes
in agar gel

(b) DPPC: lipid with saturated tails (T, = 45°C)
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Figure 7. Effect of lipid composition on liposomal release from agar gels. (a) Studies thus far were performed with lecithin, a lipid that has two cis-
unsaturations in each of its tails. As shown earlier, lecithin liposomes (2.5% concentration) get released from a 1% agar gel into the water above at
room temperature (21 °C). (b) For comparison, liposomes of dipalmitoyl phosphatidyl-choline (DPPC), a lipid that has two saturated tails and a
melting temperature T,, of 45 °C, were studied. The liposomes (2.5%) were again embedded in a 1% agar gel. In this case, no release of liposomes
occurs; i.e., there is no moving blue front in the headspace water even after 48 h. The same results were obtained at both room temperature (21
°C) and 50 °C, which is above the T,, of the lipid.
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Figure 8. Schematics illustrating the hypothesized mechanism for liposomal release from physical gels such as agar. (1) The gel is formed by
physical cross-linking of polymer chains into a 3-D network. The pore (mesh) size of the network is relatively small (< 100 nm). (2) Liposomes,
with sizes >100 nm, are thus trapped in the gel. (3) It is hypothesized that the physical bonds between agar chains are sufficiently dynamic so that
bonds can break and reform while preserving the connectivity of the network. As the chains rearrange, they temporarily form large pores. (4) The
pores are closer in size (~100 nm) to the liposomes, and therefore, the liposomes can squeeze out of these pores into the water above. (5) In
addition to a dynamic network, a further requirement for liposomal release is that the bilayer must be soft and deformable, so that the liposomes

can squeeze through pores that are slightly smaller than their original size.

and agarose gels have been estimated to be ~100 nm for
polymer concentrations similar to those used here (~1%).”
Note that £ will vary inversely with polymer concentration. In
the case of gelatin gels, at concentrations around 5%, the pore
sizes have been reported to be somewhat smaller at 5—50
nm.” Lastly, for chemically cross-linked gels such as AAm (at
10% monomer concentration), pore sizes of ~20 nm have
been reported.”

One way to estimate pore sizes is from rheological data on
the gels. £ can be calculated from the following equation™’

o
Go (2)

where ki is Boltzmann’s constant, T is the absolute
temperature, and G, is the plateau modulus. Gy is the constant
value of the elastic modulus at low frequencies, and it can be
obtained from frequency sweeps on the gels. All the gels
studied here showed the expected rheological profile, as
illustrated for agar gels at two different concentrations in
Figure S5 (Supporting Information). That is, for each gel, the
elastic modulus G’ is much higher than the viscous modulus
G" over the entire frequency range, and moreover, G’ is nearly
independent of frequency (indicating that the network is
permanent and does not relax over time).”>*" The constant
value of G’ for a given gel corresponds to G,. The table in
Figure SS (Supporting Information) reports the values of G,
for the different gels and also the corresponding values of &
calculated using eq 2. £ ranges from S nm at the low end (for a
2.5% agar gel) to 18 nm at the high end (for a 0.5% agar gel).

The above pore sizes—both our own estimates and those
from the literature—appear to be smaller than the diameters of
liposomes in our study, which are ~150 nm. Is it possible that
the pore sizes of our gels are actually much larger and
furthermore that they exceed the sizes of liposomes? If that
were the case, as per Hypothesis 1, the liposomes would be
readily able to escape out of the gels. We believe this is highly
unlikely. For one thing, this hypothesis implies that there will
be a distinct cutoff in liposomal release when the pore size
exceeds the liposome diameter. However, our experiments
with different agar concentrations did not show any cutoff—

¢
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there was only a reduction in release rate at higher agar
concentrations. Another experimental finding that conflicts
with this hypothesis is with regard to DPPC liposomes. While
lecithin liposomes escape out of 1% agar gels, DPPC liposomes
do not. Since the two liposomes have similar sizes, this result
cannot be explained based on pore size alone.

Hypothesis 2. Next, we consider the possibility that
liposomal release has no connection to the pore size in the gel.
This could be possible if it is lipid molecules, not liposomes, that
are escaping out of the gel, with the lipids reconstituting into
liposomes in the external solution over time. In this context, it
is well known that small molecules such as dyes get rapidly
released from both physical and chemical gels in a matter of
hours (a fact that we have experimentally confirmed for all our
gels).” From the standpoint of size, dye molecules as well as
lipids will have a size of ~1 nm, which means that they will be
smaller than the pore sizes of most gels. Also, liposomes are
formed by the self-assembly of lipids, and therefore, there will
be a dynamic equilibrium between liposomes and their
constituent lipids.””*" The lipids in a given liposome could
leave and incorporate into an adjacent liposome and vice versa.
If individual lipids were to release from the liposomes, they
could also, presumably, leave the gel.

However, we do not think Hypothesis 2 is likely either. For
one thing, the dynamics of lipid exchange between liposomes is
known to be very slow (timescale of hours to days).”**® The
slow dynamics has to do with the molecular structure of lipids.
If individual lipids leave a liposome, they would be surrounded
by water. However, because of their two tails, lipids are
insoluble in water, and it is unfavorable for lipids to remain in
water (as opposed to being within a lipid bilayer, where the
lipid tails will all be shielded from water).”**° Hypothesis 2 is
also inconsistent with some of our experimental results.
Specifically, we found faster release of lecithin liposomes as
the agar concentration decreased. If it was lipid molecules that
were being released, their small size should have allowed them
to diffuse out of the larger gel pores regardless of the agar
concentration (i.e., the kinetics should not have been sensitive
to the agar concentration at all). Moreover, if lipids could
diffuse out, then both DPPC and lecithin ought to do so, but
experimentally, we find no release with DPPC liposomes.
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Thus, many of our findings are unexplained by Hypothesis 2,
which means a different mechanism is necessary.

Hypothesis 3. We now discuss the third possibility which
revolves around the dynamics of polymer chains in physical
gels such as agar. The chains in an agar gel are connected to
other chains at junction zones. The precise nature of interchain
bonds is not known but is expected to involve entanglements
(topological constraints), as well as weak physical interactions
such as van der Waals and hydrogen bonding interactions.””
Are these bonds transient or permanent? The rheology (Figure
SS) of agar gels indicates a permanent network; that is, the
network itself remains intact over long time scales. However,
because the bonds are weak, individual bonds may be able to
break and reform while preserving the overall connectivity of
the network. If so, the agar chains may be able to release
temporarily from junction zones and thereby widen the pores.
This dynamic nature of bonds in agar gels could underpin the
escape of liposomes.

The central idea is schematically sketched in Figure 8. As the
bonds between the chains break and reform, we hypothesize
that “transient pores” with sizes around 100 nm are created
temporarily (panel 3). These spaces may remain open only for
a short time, but that time may be sufficient for liposomes to
squeeze through. Liposomes may thus be able to translocate
from one area in the gel to another, and liposomes close to the
gel—water interface may be able to escape through these pores
into the water (panel 4). The transient pores must be
sufficiently large for liposomes to escape. As the agar
concentration is increased, the pores will become smaller,
and thus, it will become more difficult (i.e., there will be a
lower probability) for liposomes to squeeze through, which
explains their slower release. Conversely, such pores may be
created more frequently at higher T due to more rapid
segmental motions of the chains, which would account for the
faster release of liposomes at higher T. All the three physical
gels we studied (agar, agarose, and gelatin) appear to have
sufficiently dynamic bonds to allow large pores to be formed
and, in turn, for liposomes to be released through these pores.
We should add that the constant release rate seen frequently in
our data may be related to the dynamics of pore formation. As
noted earlier, this result is inconsistent with the release being
via diffusion of either liposomes or lipids, which also helps to
rule out Hypotheses 1 and 2.

From the above discussion, one requirement for liposomal
release is the emergence of large transient pores in the gel. This
requirement is necessary but not sufficient, however. We
postulate that a second condition must also be satisfied, which
is that the liposomal bilayers must be sufficiently flexible to
permit the liposomes to squeeze through the pores. The
importance of this second condition is indicated by our studies
with DPPC liposomes, which are unable to release out of agar
gels. We hypothesize that DPPC liposomes are too rigid to
pass through the pores. In contrast, liposomes of lecithin are
likely to be soft and deformable; thereby, they can deform
sufficiently to pass through pores that are slightly smaller than
their diameters (panel 5). The deformability of lecithin
liposomes seems to correlate with the low T, (—14 °C) of
the lipid. In the case of DPPC, no release was observed even at
70 °C, which is well above the T,, of the lipid (45 °C). Perhaps
the DPPC bilayers are still too rigid to enable deformation and
escape of the liposomes.
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B CONCLUSIONS

In this study, we encapsulated liposomes in a variety of gels.
The liposomes were typically formed from an unsaturated
phospholipid (lecithin) and had diameters ~150 nm. The gels
were formed by physical cross-linking of biopolymers such as
agar, agarose, and gelatin. When the liposome-bearing gels
were placed in contact with water, we found that the liposomes
released out of the gel into the water over a period of 1-3
days. This result was observed with all the physical gels
studied. To explain this surprising result, we have postulated a
mechanism that stipulates two conditions for liposomal escape:
(a) the cross-links in the gel must be dynamic (ie., they
break and reform) so that large, transient pores (~100 nm) are
created in the gel network, and (b) the liposomes must be
sufficiently flexible and deformable so that they can squeeze
through the above pores. This mechanism accounts for the
results from our study, including the increase in release rate
with increasing temperature, increasing liposome concentra-
tion, and decreasing concentration of agar. The fact that
liposomes of a saturated phospholipid, DPPC, do not escape
out of any gels suggests that these liposomes are too rigid to
squeeze through pores. Based on this study, formulations of
gels containing liposomes could be a useful class of materials in
the cosmetic and medical industries. The ability to deliver
intact liposomes loaded with actives at predictable rates could
be valuable for many applications. Future work will involve
more detailed modeling of the factors that affect liposomal
release rates from such formulations.

B EXPERIMENTAL SECTION

Materials. Lecithin (soy-PC, 95%) and DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) were purchased from Avanti Polar Lipids.
The agar was a gift from TIC Gums (the product is termed agar—agar
and is extracted from Gracilaria). Agarose, gelatin, chloroform,
ethanol, and glycerol (>99.5%) were purchased from Sigma-Aldrich.
Deuterium oxide (D,0), deuterated glycerol (ds), and deuterated
ethanol (ds) were obtained from Cambridge Isotopes Laboratories.
The monomers acrylamide (AAm), N,N’-dimethyl-acrylamide, and
N,N’-methylenebis(acrylamide) (BIS); the initiator ammonium
persulfate (APS); and the accelerator N,N,N’,N’-tetra-methylethyle-
nediamine (TEMED) were purchased from Sigma-Aldrich. Ultrapure
DI water (resistivity = 18.2 MQ-cm) was used in all experiments.

Preparation of Liposomes. Liposomes were typically prepared
using the following method. First, lecithin was mixed with ethanol in a
1:0.79 mass ratio. Following this, water or aqueous glycerol solutions
(10—50% v/v) were prepared and heated to 45 °C. Addition of the
above solution to the lipid solution followed by subsequent tip
sonication with an ultrasonic probe (20 W power, 1 min) led to the
formation of liposomes. Liposomal suspensions were stored in a fridge
for future use. For the SANS studies, the same method was used but
with deuterated solvents. For DPPC liposomes, a thin-film method
was used. In this case, the lipid was dissolved in chloroform and then a
flow of nitrogen gas was used to remove some of the solvent.
Thereafter, the remaining solvent was removed by vacuum. The lipid
film was then rehydrated with water or glycerol solutions and tip-
sonicated as mentioned above to obtain liposomes. Lecithin
liposomes were also prepared using the thin-film method for
comparison purposes, and it was confirmed that the resulting
liposomes were near-identical.

Preparation of Liposome-Loaded Physical Gels. The majority
of studies were done with agar gels, and the following procedure was
used to encapsulate liposomes in these gels. First, an agar solution of a
given concentration was prepared by adding an appropriate mass of
agar powder to water (or to a water—glycerol solution) and then
heating to 95 °C with stirring. The solution was then cooled to ~60
°C and mixed with the liposomal suspension in a 1:1 volume ratio
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until homogeneous. Subsequent cooling to room temperature resulted
in agar gels with liposomes embedded within. For most experiments,
the concentrations in the final sample were 2.5% w/v liposomes, 1.0%
w/v agar, and 30% v/v glycerol. In the case of other physical gelators
(agarose and gelatin), a similar procedure was used. The agarose
concentration in the final gel was also 1% w/v (as for agar), while it
was 5% w/v in the case of the gelatin gel.

Preparation of Liposome-Loaded Chemical Gels. The
monomer acrylamide (AAm, 10% w/v) was dissolved in a degassed
solution of liposomes (2.5% w/v). The cross-linker BIS (1 mol % of
monomer) and the accelerant TEMED (1% v/v) were also added.
Finally, the initiator APS solution (5% w/v, 100 uL) was added to 10
mL of the above solution. The mixture was left to polymerize at room
temperature for an hour to form chemical gels containing liposomes.

Determination of Release Rate of Liposomes from Gels. To
measure the release rate of liposomes, first a vial was taken with the
gel (bearing liposomes) at its bottom, with the gel volume being 8
cm?®. Then, water (8 cm?) was placed above the gel at ¢ = 0, as shown
in Figure 2, and the vial was left undisturbed. A bluish front was
observed in the water, and this corresponded to liposomes due to
their scattering of light (Tyndall effect). Images were taken at regular
time intervals and analyzed using the ImageJ software. The height of
the bluish front was thus recorded as a function of time, as shown in
the figures. Most of the release studies were performed at room
temperature (21 °C). For the studies as a function of temperature
(Figure 3), one sample was kept in a fridge at 4 °C and another in an
oven at 35 °C.

Dynamic Light Scattering (DLS). Sizes of nanostructures were
measured at 25 °C using a Photocor-FC instrument equipped with a §
mW laser source at 633 nm. The scattering angle was 90°. The
autocorrelation function was measured using a logarithmic correlator
and analyzed using the DynaLS software package to obtain the
hydrodynamic radius. Each experiment was performed in triplicate,
and the average sizes are reported in the paper.

Cryo-Transmission Electron Microscopy (Cryo-TEM). A small
drop (~3 uL) of the sample of interest was pipetted onto a holey
carbon grid, and the grid was plunged into liquid ethane at —173 °C
using a Gatan Cryoplunge 3A. The vitrified specimen was then
transferred to a sample holder (Gatan model 914) using a cryo-
loading station, and this holder was then inserted into a microscope
(JEOL JEM 2100 LaB6). An accelerating voltage of 100 kV was used
during imaging.

Small-Angle Neutron Scattering (SANS). SANS experiments
were performed at the National Institute of Standards and
Technology (NIST), Gaithersburg, MD, on the NG-B (30 m)
beamline. Neutrons with a wavelength 4 of 6 A were selected, and the
range of scattering vector q accessed was from 0.004 to 0.4 A™". The
sample holders were either 2 or S mm quartz cells. The scattering
spectra were corrected and placed on an absolute scale using
calibration standards provided by NIST. The data are shown for the
radially averaged, absolute intensity I as a function of q = (47/4)
sin(6/2), where 6 is the scattering angle.

Rheology. Experiments on the gels were performed at 25 °C on
an AR2000 stress-controlled rheometer (TA Instruments). The gels
were cut into discs of diameter 20 mm and thickness 2 mm and were
studied using 20 mm parallel plates. Dynamic stress-sweeps were first
performed to identify the linear viscoelastic (LVE) region of the
sample. Dynamic frequency sweeps were then conducted at a constant
strain amplitude within the LVE region.
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Fig S1: Sizes of lecithin (soy-PC) liposomes in water and aqueous glycerol solutions.

Fig S2: Cryo-TEM of lecithin liposomes in a 30% glycerol solution.

Fig S3: Visual appearance of lecithin liposomes, agar gel, and agar gel containing lecithin liposomes.
Fig S4: SANS scattering profiles for samples from this study.

Fig S5: Rheology data on various hydrogels

Fig So: Comparison of liposomal release from agar gels made with water vs 30% glycerol.
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Figure S1. Sizes of lecithin (soy-PC) liposomes in water and aqueous glycerol solutions. The hydrodynamic
diameters of the liposomes are measured over a period of one week. The lipid concentration was 0.2% w/v and
the glycerol concentration was varied from 0 — 50% v/v. Each data point is the average of three different
samples and the error bars represent the standard deviation.

Figure S2. Cryo-TEM of lecithin liposomes in a 30% glycerol solution. Unilamellar liposomes are seen, and
their average diameter, determind by image analysis from a population of 150 liposomes, was 70 + 20 nm.
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Figure S3. Visual appearance of various samples. (A) 2.5% lecithin liposomes. (B) 1% agar gel. (C) 1% agar
gel containing 2.5% liposomes. The sample in (C) is considerably more turbid than that in (A) and (B).

Intensity, | (cm‘1)

Figure S4. SANS scattering profiles for samples from this study. Each plot is for the scattered intensity / as a
function of the scattering vector ¢. (Left) Data for a suspension of 1% liposomes, a 1% agar gel, and a 1% agar
gel containing 1% liposomes embedded in it. All three samples are made using D,O for scattering contrast.
1% liposomal suspensions in D,O or 30% or 50% d-glycerol. All samples containing
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Figure SS. Rheology data on various hydrogels. (Left) Typical data from dynamic rheology for agar gels (1%
and 2%). The data plotted are for the elastic modulus G and the viscous modulus G” as functions of the angular
frequency @. Both samples show the rheological response characteristic of a gel. Each sample can thus be
characterized by its constant value of G’, which is its gel modulus G,. (Right) Values of G, for the various gels
studied in this paper. From the G, the pore (mesh) size & of the gel is computed using eq 2, and this is shown in

the right-hand column.

Figure S6. Comparison of liposomal release from agar gels made with water vs 30% glycerol. Both gels
contain 2.5% liposomes and 1% agar, and the studies were done at 21°C. The y-axis is the extent of liposomal

o (%)

Polymer G,/ Pa §/nm
Agar (0.5%) 698 18.0
Agar (1.0%) 4,610 9.6
Agar (1.5%) 10,800 7.2
Agar (2.0%) 19,990 5.9
Agar (2.5%) 30,080 5.2
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release, as calculated from the height of the moving blue front by eq 1.
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