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The structural fate of lipid nanoparticles in the
extracellular matrix†
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Drug-loaded liposomes are the most successful nanomedicine to

date, with multiple FDA-approved systems for a myriad of diseases.

While liposome circulation time in blood and retention in tissues

have been studied in detail, the structural fate of liposomes—and

nanoparticles in general—in the body has not been extensively

investigated. Here, we explore the interactions of liposomes with

synthetic and natural hydrogel materials to understand how the

natural extracellular matrix influences liposome structural charac-

teristics. Small angle X-ray scattering, confocal microscopy, and

cryogenic transmission electron microscopy data demonstrate that

poly(ethylene glycol) (PEG), gelatin, alginate, and Matrigelss hydrogels

cause 200 nm liposomes of 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC) to transform into micrometer-sized aggregates. These

aggregates are composed of multilamellar vesicles around 100 nm

in diameter with a mean interlamellar separation of 5.5 nm. Protecting

the liposomes with a corona of PEG damps this restructuring effect,

making the multilamellar vesicles less stable. We attribute this

unilamellar to multilamellar transition to an osmotic driving force

from the hydrogel environment. This lipid restructuring has broad

ramifications in the design and use of nanomedicines, and in

understanding the fate and function of natural lipid-based materials

within the tissue microenvironment.

Introduction

Nanomedicine has gained the spotlight in the last two decades
as a means to more effectively treat disease,1 particularly
cancer. In the realm of drug delivery, small molecule drugs

already known to be effective against cancer have been formulated
into nanoparticles to render them more potent by increasing their
time in circulation and by making them specifically target the
desired location, concomitantly lowering toxic effects to healthy
cells. For a nanoparticle to reach a tumor site, it must evade the
body’s mononuclear phagocytic system, which predominantly
clears particles larger than a few hundred nanometers in the liver
and spleen,2 and renal clearance, which clears particles smaller
than around five nanometers in the kidneys.3–5 Evidently, nano-
particles between 5 and 100 nm in size are tailored for this
purpose. Once a nanoparticle survives the liver, the spleen, and
the kidneys, it must also persist in the extracellular matrix (ECM)
of the tumor cells before it can finally reach the tumor. The
enhanced permeability and retention (EPR) effect—where leaky
vasculature in the tumor allows larger nanoparticles to enter and
compromised lymphatic drainage hinders the nanoparticles from
leaving—increases the likelihood that the nanoparticle enters and
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New concepts
Using robust structural characterization techniques (X-ray scattering and
Cryo-EM), we have demonstrated that lipid nanoparticles get significantly
reconfigured when exposed to the materials of the extracellular milieu.
The study and design of nanoparticles for the delivery of cargo to
cells mostly focus on their biochemical interactions with cells and cell
organelles. This new concept highlighting the structural fate of
nanoparticles even before they reach cells will critically impact the
design of soft materials, lipid nanoparticles in particular, for the
delivery of cargo to cells. The majority of drug-delivery nanomedicines
being used in the clinic are some form of a lipid vesicle. Future systems in
therapeutics and diagnosis will go beyond synthetic vesicles as recent
discoveries demonstrate that natural extracellular vesicles are secreted to
biological fluids and mark for a variety of diseases. We show that
extracellular hydrogels dehydrate and significantly restructure lipid
vesicles. Specifically, they impose a phase transformation from single-
membrane vesicles to multilamellar bodies, which we attribute to an
osmotic stress effect. We argue that such structural transformations
might not be a mere consequence of biomolecular interactions but
have a regulatory function in living systems, and can be exploited to
design more efficient therapeutic and diagnosis materials.
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remains in the tumor.6 Even though the EPR effect has been
exploited widely to target tumors, how effective it actually is on
nanoparticle retention has recently been questioned.7 Many
studies have focused on nanoparticle retention in tissues. Yet
the structural fate of nanoparticles in the body remains largely
unexplored.

A distinction has been made between the synthetic identity
and the biological identity of a nanoparticle, where the
biological identity refers to the structure of the nanoparticle
in the body, which can be different from its synthesized
structure.8–10 Proteins binding to nanoparticle surfaces result
in a protein ‘‘corona’’ that imparts the nanoparticle with
physiological responses different from those of the original
protein-devoid nanoparticle.8–10 Interactions of proteins with
nanoparticles made of various materials such as gold, copolymers,
quantum dots, and lipids have been investigated.8,9,11 Doxils, a
liposomal formulation of the cancer drug doxorubicin, is one of
few non-targeted nanoparticle formulations approved for clinical
use.12,13 Since lipids, the major component of cell membranes,
are ubiquitous in nature, they are associated with fewer toxic
effects than other nanomaterials in drug delivery applications.
Indeed, of the nanomedicine drugs approved by the Federal Drug
Administration (FDA), lipid-based systems constitute the vast
majority and are the leading material in future drug development
systems.14,15 In addition, lipids exist in numerous complex
structures within the ECM including exosomes and several other
lipid-based extracellular vesicles,16 which have been implicated in
ECM modulation within several physiological and pathological
contexts.17 To prevent protein adsorption onto nanoparticles,
poly(ethylene glycol) (PEG) has been incorporated onto the
surfaces of nanoparticles via the inclusion of a lipid that is
covalently linked to PEG, effectively ‘‘cloaking’’ the particles to
evade protein interactions, thus prolonging their circulation
life-time.18 Even though the fate of liposomes after endocytosis
has been extensively investigated, with liposomes observed to
form aggregates in the micrometer scale,19,20 the structural fate
of liposomes after extravasation into tissue and transport
through the ECM prior to engaging the cell membrane remains
a mystery.

The ECM is a natural hydrogel comprising proteoglycans,
polysaccharides, proteins, and water.21 A bulk of the prior work
with synthetic hydrogels and liposomes has been conducted in
the context of drug delivery, where liposomes are encapsulated
within hydrogel networks to enhance biocompatibility, bio-
degradability, and controlled release.22 The osmotic pressure
of proteoglycans, a major component of the ECM, is evaluated
to range from 30 to 350 kPa.23,24 Under these conditions,
significant structural transformations have been shown to
occur in a myriad of soft materials in vivo. Examples include
dehydration and conformation change of DNA molecules,25

cytoskeleton filamentous protein bundle formation,26 and
DNA ejection from phage viruses.27 Similarly, we can expect
the osmotic stress generated in the ECM to have the power to
influence the structure of lipid-based particles.

Synthetic hydrogels—which have been used increasingly as
3D matrices in tissue engineering—have numerous advantages

over natural materials when exploring ECM structure–function
relationships, including control over molecular weight, cross-
link density and architecture, diffusion, swelling, degradation,
and osmotic pressure.28–30 One synthetic hydrogel material
commonly used in biomedical applications is a network of PEG
chains formed through addition polymerization or condensation
reactions between multiarmed-PEG macromolecules.31 As a
model hydrogel, PEG is arguably the most widely explored
synthetic matrix for tissue engineering32 and has previously
been used as a platform to study the diffusion of proteins33 and
nanomaterials.34 The osmotic pressure of an aqueous solution
of 20 kDa, 15 wt% PEG is 260 kPa, and this osmotic pressure
can be controlled by changing the molecular weight or the
weight percentage of PEG.25 Since the osmotic pressure of
hydrophilic PEG hydrogels is well within the osmotic pressure
range of the ECM—with tunability through control of molecular
weight and crosslinking—PEG is a well-suited synthetic matrix
to model the ECM.

This work elucidates in detail the structures of liposomes in
synthetic and natural hydrogel systems at several length scales,
with the aim of understanding the structural fate of liposomes
in the ECM before they even reach their intended cellular
destination. Small angle X-ray scattering (SAXS), confocal
microscopy, and cryogenic transmission electron microscopy
(cryo-EM) results demonstrate that poly(ethylene glycol), gelatin,
alginate, and Matrigels hydrogels cause 200 nm liposomes of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) to transform
into micrometer-sized aggregates composed of multilamellar
vesicles around 100 nm in diameter. Incorporating PEG-lipids
in the liposomes using 8 mol% of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DOPE-PEG2000) attenuates this restructuring effect, making the
multilamellar vesicles less stable. We attribute this restructuring
effect to an osmotic driving force from the hydrogel on the
liposomes.

Results and discussion

Lipids assemble hierarchically into a variety of structures,
including single bilayers, multilamellar stacks, 2D hexagonal
phases, and even cubic phases.35–39 The stability of a lipid
mesophase is dictated by molecular packing, membrane elasticity,
and environmental factors. For example, a single bilayer vesicle
will adopt a multilamellar stack architecture as it incorporates
DNA.40 To determine how single bilayers enclosed in a lipid
vesicle are affected by immersion into a continuous matrix made
of hydrated polymer chains (hydrogels), we used a combination of
techniques including optical microscopy, electron microscopy,
and SAXS.

Structural changes of DOPC liposomes in polyethylene glycol

Fig. 1A shows SAXS data of DOPC liposomes that were added to
uncrosslinked PEG. Three peaks were observed at q = 0.109 Å�1,
0.214 Å�1, and 0.327 Å�1. The ratio between the q positions of
these peaks is 1 : 2 : 3, which is known to correspond to a
multilamellar structure. The repeat spacing d (thickness of
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water plus lipid layers) can be obtained by SAXS as d 001 =
2p/q001 = 5.8 nm. The blue SAXS curve was produced by
uncrosslinked PEG with no liposomes. When liposomes are
analyzed in the absence of hydrogel (Fig. S1, ESI†), no multi-
lamellar peaks are detected, and a SAXS profile characteristic of
the form factor of a single lipid bilayer is observed instead.
These data suggest that uncrosslinked PEG causes unilamellar
liposomes to transform into multilamellar structures. The
domain size of the multilamellar structures is determined to
be 56 nm using the full-width at half maximum of the first peak
in the Scherrer formula.41 Even though it is not possible to
determine the fraction of the liposomes that become multi-
lamellar, since SAXS is a bulk average method, the presence of
intense multilamellar peaks suggests that a significant fraction
has assumed multilamellar structure. We expect the multi-
lamellar structures to be interspersed among the PEG network,
which would not be much of a barrier to liposome motion
since the uncrosslinked PEG chains are pliable. To the right of
the SAXS curves is a blown up (not to scale) illustration of
a quartz capillary with uncrosslinked PEG and multilamellar

lipid constructs. Based on just the SAXS data, the lipid
morphologies could be multilamellar sheets, vesicles, or a
hybrid of the two.

To support the SAXS data, we employed confocal microscopy
to image the lipid structures in both the presence and absence
of hydrogels. Liposomes were imaged with confocal microscopy
(Fig. 1B) by doping the lipid aggregates with 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl) (ammonium salt) (NBD-PE), an amphiphilic dye that
integrates well within the liposome bilayers. When liposomes
are imaged in the absence of a hydrogel network (Fig. S1, ESI†),
only a halo of green is observed because the resolution of the
microscope is just around the size of individual liposomes. In
contrast, for liposomes integrated within the PEG network,
large green aggregates several micrometers in size are revealed.
This observation also suggests that the hydrogel is destabilizing
the liposomes and inducing some form of aggregation.

To probe the identity of these supramolecular aggregates at
higher resolution, we employed cryo-EM. Cryo-EM images of
individual liposomes and hydrogels are shown in Fig. S1 and S2
of ESI.† When hydrogels and liposomes are combined, very
different morphologies are observed (Fig. 1C). The network
characteristic of the hydrogel is still present in addition to
several multilamellar vesicles a few hundred nanometers in
diameter, most of which locally aggregate into clusters. These
morphologies are in sharp contrast to the unilamellar liposome
structures observed in the absence of a hydrogel network. This
result corroborates the data obtained by confocal microscopy
where aggregates several micrometers in size are observed.
Fig. 1D displays a thinner sample section where one multi-
lamellar vesicle is discerned within the surrounding hydrogel
network. An arc of each layer of the multilamellar wall of the
vesicle is outlined in Fig. 1D. A plot of image intensity versus
distance demonstrates a series of high-low contrast patterns
that indicate that the mean interlamellar spacing of the multi-
lamellar aggregate is 5.2 nm, which is in close agreement with
the interlamellar spacing of 5.8 nm obtained by SAXS. A possible
mechanism for this unilamellar to multilamellar transformation
could be a phase separation effect that causes the liposomes to
aggregate together, minimizing interactions with the hydrogel.
The surface-area-to-volume ratio of the multilamellar vesicles is
6.3 times higher than that of the liposomes, suggesting better
drug-loading capability.

Multilamellar restructuring of DOPC liposomes in crosslinked
polyethylene glycol hydrogels

The result that PEG restructures liposomes is surprising
because we anticipated that hydrogels offer a very fluid environment
with sufficient water for liposomes to integrate unperturbed. How-
ever, our results indicate that the fluid environment may facilitate
aggregation. To investigate this phase separation conjecture, we
tested the effect of crosslinking PEG, which would result in a less
fluid environment that restricts liposome mobility, but would still
be representative of the crowded cellular environment with limited
free water.42 We synthesized PEG with distal acryloyl moieties for
radical polymerization as described previously43 using chemical

Fig. 1 (A) SAXS data of DOPC liposomes added to uncrosslinked PEG
(black) display three peaks at q = 0.109 Å�1, 0.214 Å�1, and 0.327 Å�1. SAXS
data of uncrosslinked PEG only (blue) show a steady decay in intensity with
no peaks. A schematic representation to the right of the SAXS data depicts
multilamellar lipid aggregates and the uncrosslinked PEG network in a
quartz capillary. The interlamellar repeat spacing d = 5.8 nm. (B) Confocal
microscopy of the uncrosslinked PEG/liposome composite displays aggregates
several micrometers in size. The inset is at a higher magnification. (C) A cryo-EM
image of the PEG/liposome composite displays micrometer-sized
aggregates of multilamellar vesicles a few hundred nanometers in diameter.
(D) A cryo-EM image of one multilamellar vesicle. An arc of each layer of the
multilamellar wall of the vesicle is outlined in red. At the bottom is a plot of
image intensity versus distance along the yellow arrow. A series of high-low
contrast patterns indicates a mean interlamellar spacing of 5.2 nm. A section
of the PEG network has been shaded in blue.
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crosslinking via ammonium persulfate (APS) and tetramethyl-
ethylenediamine (TEMED). Fig. 2A shows the SAXS results of that
sample where a broad peak was observed at q = 0.044 Å�1 in
addition to the peaks at the same q as in Fig. 1A corresponding
to multilamellar structures. Waters et al. have previously used
SAXS to characterize crosslinked PEG and have attributed the
broad peak to a correlation length between densely crosslinked
junctions in PEG.44 In the PEG/liposome composite sample,
where the PEG was crosslinked in the presence of liposomes,
the broad peak at q = 0.044 Å�1 corresponds to a correlation
length of 14 nm. Fig. S2 of ESI† shows the SAXS profile of
crosslinked PEG chains without any liposomes. The end-to-end
distance r0 of the PEG network can be calculated using the
equation r0 = bNn, where b is the Kuhn length for PEG (0.76 nm),
N is the number of Kuhn segments (130 for 10 kDa PEG), and n is
the scaling exponent (depends on the model used).45 The
correlation length almost matches the end-to-end distance of a
3D self-avoiding random walk model, for which n = 0.588.46

Since the SAXS pattern obtained by scanning through the whole
volume of the quartz capillary showed the PEG correlation length
in addition to the peaks from the multilamellar lipids (Fig. 2A),
it can be inferred that the multilamellar lipid constructs are
well-integrated within the PEG hydrogel network.

Waters et al. used free-radical photopolymerization reactions
to crosslink PEG, whereas we used free-radical chemical
polymerization. Even though Waters et al. state that the
polymerization method could influence crosslink functionality
and nanoscale morphology, both methods—photo- and chemical
polymerization—produced correlation peaks in SAXS, though this
result does not necessarily imply that the two differently cross-
linked hydrogels have identical morphologies. Importantly, these
results for crosslinked PEG demonstrate that a gel network with
smaller, less pliable pores does little to prevent liposome
restructuring. We conclude that the liposome restructuring
process is unlikely due to phase separation. Fig. 2B shows a
confocal microscope image of crosslinked PEG in the presence
of liposomes revealing large lipid aggregates analogous to what
was observed in the uncrosslinked PEG/liposome sample.

To further investigate liposome integration within hydro-
gels, an aqueous solution of liposomes was added to an already
crosslinked PEG hydrogel. In this case, by scanning the whole
volume of the quartz capillary, two distinct SAXS patterns were
detected in different regions of the sample tube. Fig. 2C shows
the SAXS pattern obtained at the bottom of the sample tube
that unsurprisingly depicted the characteristic peak of cross-
linked PEG. Interestingly, the top of the sample tube yields a
SAXS pattern that is consistent with lipid layers arranged in a
multilamellar structure showing three structure-factor peaks:
(001), (002), and (003). SAXS is a bulk average method, so for
these intense multilamellar peaks to appear, a significantly
high number of multilamellar structures should be present in
the lipid region. These data demonstrate that regardless of the
extent of physical integration of liposomes within the hydrogel
network, hydrogels still induce liposome restructuring. In all
three scenarios—DOPC liposomes integrated within uncrosslinked
PEG, DOPC liposomes integrated within uncrosslinked PEG
followed by PEG crosslinking, and DOPC liposomes added to
already crosslinked PEG—liposomes underwent transformation
into multilamellar aggregates. PEG is known to generate high
osmotic stress environments and has been used in a technique
to infer intermolecular interactions of soft materials dispersed in
water.25,47 An aqueous solution of 20 kDa, 15 wt% PEG can exert
a pressure of 260 kPa while an aqueous solution of 20 kDa,
60 wt% PEG can exert a pressure as high as 11 MPa.25 One could
argue that physiological salinity yields similar osmotic pressure
to that of PEG. However, in contrast to long PEG chains, small
ions move freely within aqueous interstitials. Consequently, the
driving force to pull water by a concentrated PEG solution is
much more prominent than that of a salt solution of the same
nominal osmotic pressure. We conjecture that in the systems
investigated here, PEG polymer chains of the hydrogel are too
bulky to penetrate small water gaps, pulling water from lipo-
somes and inducing their fusion into multilamellar aggregates.

Hydrogel physical properties influence liposome restructuring

To test this hypothesis, we investigated different hydrogels—
gelatin, alginate, poly(acrylamide) (PAM), and Matrigels in
addition to PEG—that display distinct crosslinking mechanisms
and swelling behavior. Hydrogels are formed in gelatin through

Fig. 2 (A) SAXS data of PEG crosslinked in the presence of DOPC lipo-
somes (black) display a broad peak at q = 0.044 Å�1 and two peaks at
q = 0.109 Å�1 and 0.214 Å�1. SAXS data of just crosslinked PEG (blue) show
only the broad peak at q = 0.044 Å�1. A schematic representation to the
right of the SAXS data depicts multilamellar lipid aggregates and the
crosslinked PEG network in a quartz capillary. The interlamellar repeat
spacing d = 5.8 nm. The correlation length of crosslinked PEG *L = 14 nm.
(B) Confocal microscopy of the crosslinked PEG/liposome composite
displays aggregates several micrometers in size. The inset is at a higher
magnification. (C) DOPC liposomes added to already crosslinked PEG
yields two layers (schematic representation on right). SAXS data of the
lipid layer (red) display peaks at q = 0.109 Å�1, 0.214 Å�1, and 0.327 Å�1.
SAXS data of the PEG layer (blue) display a broad peak at q = 0.044 Å�1. The
interlamellar repeat spacing d = 5.9 nm. The correlation length of cross-
linked PEG *L = 14 nm. 2D SAXS scans of the two layers are shown next to
the schematic.
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interstrand H-bonds that stabilize triple helices,48 alginate
through divalent cations,49 PAM through radical-initiated monomer
polymerization, and PEG through end-functionalized radical cross-
linking. Matrigels, a reconstituted basement membrane prepara-
tion comprising several ECM proteins extracted from murine
tumors,50,51 is an actual ECM hydrogel. Livney et al. demonstrated
that there is a linear correlation between the swelling ratio and
osmotic pressure of dextran in salt solutions.52 Since hydrogels
absorb water via an osmotic effect, the higher the osmotic pressure,
the higher the swelling. To rank the above hydrogels in order of
osmotic strength, we therefore carried out swelling ratio tests
(Fig. 3B). The hydrogels ranked as PAM, PEG, alginate, and gelatin
in ascending order of swelling ratio. Since gelatin, alginate, and PEG
have different crosslinking mechanisms, it is difficult to relate their
relative swelling ratios to crosslinking mechanisms. However, the
difference in swelling between PEG and PAM, both of which were
crosslinked through free radical means, can be easily justified. The
covalent crosslinks in PEG hydrogels are constrained to form at the
chain ends, whereas in PAM hydrogels the crosslinks are formed

in situ during polymerization via the incorporation of bis-acrylamide
at different ratios as described by Tse and Engler.53 We expect these
differences in crosslinking mechanism to lead to distinct morpho-
logies and mesh-size.54,55

SAXS data of liposomes mixed within these five different
hydrogels are presented in Fig. 3A. The SAXS line of DOPC
liposomes mixed with PAM shows a decay of the SAXS intensity
without any structure factor peaks indicating scattering from
an unstructured sample. In this case, PAM hydrogels are unable
to restructure DOPC liposomes. It is noteworthy that of the
different gels, PAM has the lowest osmotic stress capability.
In contrast, PEG, alginate, gelatin, and Matrigels all induce
the transformation of liposomes into multilamellar vesicles.
Confocal microscopy (Fig. 3C) displays signs of liposome
aggregation seen by multiple micrometer-scale patterns of lipid
dye. Confocal images of liposomes in PAM are nearly identical
to confocal images of liposomes alone (Fig. S1, ESI†).

Lipid PEGylation attenuates restructuring in model hydrogels

PEG has been used in many drug delivery applications, often
covalently linked to lipid molecules (PEGylated lipids), to
prolong the blood circulation of liposomal drugs as well as to
hinder protein adsorption and aggregation in vivo.18 Doxils is a
famous example of a liposomal formulation of the cancer drug
doxorubicin that has been coated with PEG to enhance its
circulation properties. Complements are specific proteins
in the immune system that are known to attack liposomal
membranes and help ingest liposomes.56,57 Bradley et al. inves-
tigated how different lipid systems could be incorporated
with PEG to prolong their circulation half-life by inhibiting
complement activation.58 They discovered that the optimal
conditions to completely block complement activation by
anionic liposomes was the incorporation of 5–10 mol% of
DSPE-PEG2000 within the liposomal membrane. Leal et al. also
found that incorporation of more than 10 mol% of PEGylated
lipid results in demixing and formation of PEGylated lipid
micelles in coexistence with liposomes.59 The ECM—composed
of proteoglycans, polysaccharides, proteins, and water—is a
natural hydrogel.21 During blood circulation, drug-loaded
nanoparticles constantly encounter the ECM. Since PEGylated
lipids ensure longer circulation lifetimes and prevent liposome
aggregation, we anticipated that adding PEGylated lipids to
DOPC liposomes could attenuate the restructuring effects of
the hydrogels.

We synthesized liposomes of DOPC incorporating 8 mol% of
DOPE-PEG2000. We selected DOPE-PEG2000 to ensure that both
the lipids and PEGylated lipids had identical hydrophobic tails.
Compared to the DOPC liposomes, these liposomes have an
external PEG corona, which can potentially shield the liposomes
from aggregation due to osmotic stress induced by the surrounding
PEG hydrogel. SAXS data (Fig. 4A) showed that multilamellar
structures are still present with the characteristic three equally-
spaced peaks at q = 0.046 Å�1, 0.093 Å�1, and 0.138 Å�1.
Interestingly, the d-spacing measured is d001 = 2p/q001 = 14 nm.
This spacing is three times larger than the interlamellar spacing
obtained with DOPC liposomes. The significantly increased

Fig. 3 (A) SAXS data of DOPC liposomes in gelatin (green), alginate (blue),
PEG (pink), PAM (yellow), and Matrigels (black). Peaks are observed for
gelatin, alginate, PEG, and Matrigels. For PAM, there is a steady decay of
SAXS intensity with no peaks. (B) Swelling ratios of gelatin (n = 6), alginate
(n = 4), PEG (n = 8), and PAM (n = 6) are 19.6, 17.7, 16.6, and 7.3,
respectively (standard deviations shown). (C) Confocal microscopy
displays aggregates for DOPC liposomes in gelatin, alginate, and PEG.
For DOPC liposomes in PAM, confocal microscopy displays a green haze,
very similar to that seen with liposomes only.
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d-spacing suggests that PEG is indeed incorporated within the
multilamellar aggregates. It is noteworthy that the structure
factor peaks obtained for the multilamellar aggregates of
the PEGylated liposomes are considerably broader and of lower
intensity compared to those from DOPC-only liposomes.
This difference indicates a loss in order or a smaller domain
size of the multilamellar aggregates that are formed by osmotic
action of the PEG hydrogels.

Confocal microscopy predictably displayed the existence
of lipid aggregates (Fig. 4B). To determine the stability of the
multilamellar structures formed, we examined the effect of
temperature on the PEG/liposome composite. The temperature
was increased up to 90 1C and decreased back to 20 1C at 10 1C
intervals. With the PEG/DOPC system, this change in tempera-
ture caused no significant change to the interlamellar spacing
or peak width and intensity (Fig. 4C). However, with the
PEG/DOPC + DOPE-PEG2000 system, there was a significant
temperature effect. Increasing the temperature caused the
multilamellar peaks to decrease in intensity and eventually
vanish between 60 and 70 1C (Fig. 4D). Decreasing the temperature
did not cause the multilamellar peaks to return. This observation—
that the multilamellar structures formed with the PEGylated lipids
were not as stable to temperature changes as the lipids without a

PEG corona—is consistent with the notion that PEGylation of
liposomes damps the restructuring ability of PEG hydrogels.
In other words, even though restructuring of liposomes into
multilamellar aggregates still occurs, the aggregates are con-
siderably less ordered and are thermally unstable.

Most of the evidence point to the hydrogels exerting an
osmotic pressure on the liposomes, causing them to transform
into multilamellar lipid aggregates. Fig. 5 depicts a plausible
mechanism underlying liposome restructuring when they are
embedded in the hydrogels. Gibbs free energy minimization
dictates that the activity of the water inside and outside the
liposomes be equal. An osmotic pressure (P) is produced
because of this difference in water activity, which is the driving
force for the water within the liposomes to permeate the
hydrogel network. Depending on the molecular weight and
the weight percentage of PEG, an osmotic pressure ranging
from 102 to 104 kPa can be exerted on the liposomes, with lower
molecular weights and higher weight percentages serving to
increase the osmotic pressure. The hydrophilic hydrogel osmotically
absorbs water from the liposomes, inducing their deswelling and
concomitant membrane-fusion into multilamellar structures.

Conclusions

In this work, we have demonstrated that natural and synthetic
hydrogels cause unilamellar liposomes to transform into aggregates
of multilamellar structures. We attribute this restructuring
effect—which is much less pronounced when a PEG corona
surrounds the DOPC liposomes—to an osmotic driving force
from the hydrogel. This observation has multiple implications
in both liposomal drug delivery and in the mechanism of action
of extracellular vesicles such as exosomes in ECM modulation.
Currently, PEG is used to envelop liposomal formulations for
drug delivery to increase circulation half-life and prevent an
immune response. Encasing the liposomes in PEG may have
the added benefit of stabilizing the liposomes. On the other
hand, liposomes that do not have the protection garnered by
a PEG corona and, therefore, transform into multilamellar
structures in a hydrogel environment may have better drug-
loading and -release capabilities arising from a significantly
higher surface-area-to-volume ratio compared to that of

Fig. 4 (A) SAXS data of DOPC + DOPE-PEG2000 liposomes added to
uncrosslinked PEG (black) display broad peaks at q = 0.046 Å�1,
0.093 Å�1, 0.138 Å�1, and 0.184 Å�1. SAXS data of the non-PEGylated
lipids are shown by a dotted red curve for comparison. SAXS data of
uncrosslinked PEG only (blue) show a steady decay in intensity with no
peaks. A schematic representation to the right of the SAXS data depicts
multilamellar PEGylated lipid aggregates and the uncrosslinked PEG net-
work in a quartz capillary. The interlamellar repeat spacing d = 14 nm.
(B) Confocal microscopy of the uncrosslinked PEG/DOPC + DOPE-
PEG2000 composite displays aggregates slightly smaller than those formed
with DOPC liposomes. (C) SAXS data of DOPC liposomes in PEG display no
change in the interlamellar spacing when the temperature is increased to
70 1C and returned to 20 1C. (D) SAXS data of DOPC + DOPE-PEG2000

liposomes in PEG display a decrease in peak intensity with increasing
temperature, with the peaks disappearing between 60 and 70 1C
(the curves have been vertically shifted to better discern differences).

Fig. 5 A schematic of a plausible mechanism for the restructuring effect
on liposomes by hydrogels. The hydrogel exerts an osmotic pressure P on
the liposomes, transforming them into multilamellar vesicles with small
interlamellar spacing.
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liposomes. It is possible that extracellular vesicles, which are
similar in structure to liposomes, meet a similar fate when they
encounter the hydrogel environment of the ECM.

Methods
Liposome preparation

DOPC, DOPE-PEG2000, and NBD-PE lipids were purchased from
Avanti Polar Lipids (AL, USA). All lipids were used without
further purification. A stock solution of lipids—either DOPC or
92 mol% DOPC + 8 mol% DOPE-PEG2000—dissolved in chloro-
form was dried under a stream of nitrogen in a glass vial and
then vacuum-dried overnight. Milli-Q water was added to the
glass vial to achieve the required lipid concentration (62.5 mM)
and the vial was vortexed. After at least 30 min, the solution was
extruded 11 times with a mini-extruder using a polycarbonate
membrane of 200 nm pore size. For experiments with confocal
microscopy, 0.2 mol% of NBD-PE was also mixed in before
drying the chloroform. The concentration of lipids in the final
liposome solutions used was 12.5 mM.

PEG diacrylate synthesis and gelation

10 kDa and 20 kDa PEG (Sigma-Aldrich, MO, USA) were
diacrylated by following the procedure used by Aydin et al.60

but omitting the filtration step over a plug of alumina. The
synthesized PEG diacrylate was dissolved in DI water to achieve
a 15 wt% solution. This solution was degassed under argon for
10 min. To crosslink 1 mL of PEG diacrylate, 20 mL of 0.438 M
(10% w/v) aqueous APS (Sigma-Aldrich, MO, USA) and 4 mL of
TEMED (Sigma-Aldrich, MO, USA) were added, and the mixture
was either pipetted up and down multiple times or sonicated
for a few seconds. The PEG diacrylate was left to crosslink for
at least half an hour.

PAM synthesis and gelation

Acrylamide (Amresco, OH, USA) was dissolved in DI water to
achieve a 40% w/v solution. Bis-acrylamide (Amresco, OH, USA)
was dissolved in DI water to achieve a 2% w/v solution. The two
solutions were combined with DI water at different ratios to
achieve PAM that would crosslink to different stiffnesses as
described by Tse and Engler.53 To crosslink 1 mL of PAM, 10 mL
of 0.438 M aqueous APS and 1 mL of TEMED were added, and
the mixture was either pipetted up and down multiple times or
sonicated for a few seconds. The PAM solution was left to
crosslink for at least half an hour. PAM gels of 3 kPa, 4 kPa,
7 kPa, 11 kPa, 20 kPa and 40 kPa Young’s moduli were
synthesized.

Gelatin gelation

Gelatin (Sigma-Aldrich, MO, USA) was dissolved in DI water to
achieve a 10 wt% solution. The solution was heated in a water
bath at around 65 1C and stirred at 1200 rpm using a stir bar for
one hour or until all gelatin particles dissolved. 2 mL of heated
gelatin solution was poured into a cast with 37.5 mm � 2 mm
cross-section and allowed to cool to room temperature and gel.

Alginate gelation

Sodium alginate (Sigma-Aldrich, MO, USA) was dissolved in DI
water to achieve a 5 wt% solution. The solution was heated in a
water bath at around 65 1C and stirred at 1200 rpm using a stir
bar for one hour or until all alginate particles dissolved. To
crosslink the alginate, 2 mL of the alginate solution was poured
into a cast with 37.5 mm � 2 mm cross-section and 1.1 wt%
calcium chloride solution was poured onto the alginate solution.
The solution was left to gel at room temperature for an hour.

Liposome incorporation into hydrogels

In all following, the final liposome concentration was 12.5 mM
(by 5� dilution of 62.5 mM liposomes in the hydrogel). For
PEG, PAM, and sodium alginate: (i) liposomes were incorpo-
rated into uncrosslinked hydrogel (15 wt%); (ii) liposomes were
added to uncrosslinked hydrogel, and crosslinking agents APS
and TEMED were added after; and (iii) hydrogel was cross-
linked first, and then the liposomes were added. For gelatin: (i)
liposomes were incorporated into warmed (uncrosslinked)
gelatin, and then the gel was allowed to physically crosslink
by bringing to room temperature; and (ii) liposomes were
added to already physically crosslinked gelatin. For Matrigels

(Corning, NY, USA): liposomes were mixed with liquid Matrigels

at 4 1C, which polymerized at higher temperatures.

SAXS

SAXS experiments were carried out at Beamlines 12-ID-B and
12-ID-C at the Advanced Photon Source at Argonne National
Laboratory. An average photon energy of 13.3 keV was used at
Beamline 12-ID-B. An average photon energy of 12 or 18 keV
was used at Beamline 12-ID-C. 2D scattering data were radially
averaged upon acquisition. The q-calibrant was silver behenate.
Fit2D and IGOR Pro were used to integrate the 2D plots. Data
analysis was carried out using OriginPro.

Confocal microscopy

Confocal microscope images were captured at the LSM700 at
the Institute for Genomic Biology and at the LSM800 at the Leal
Lab at UIUC. An excitation wavelength of 488 nm was used.
NBD-PE was used to fluorescently label the lipids (see Liposome
preparation in ESI†).

Cryo-EM

Liposome and hydrogel-liposome complex samples for cryo-EM
(JEOL 2100 Cryo-TEM at 200 kV) were prepared on a 200-mesh
sized lacey carbon-coated copper grid (Structure Probe Incorpora-
tion, PA) using a semi-automated Vitrobot (Vitrobot Mark II, FEI).
The liposome sample solution was casted on the carbon coated
side of the grid at 4 1C and 100% relative humidity. After blotting
twice with one-second blotting time, the grid was quenched in
liquid ethane to vitrify the liposomes with less than 500 nm ice
thickness. For uncrosslinked liposome-hydrogel samples, the
procedure was identical except for the blotting condition (blotted
thrice with two-second blotting time). The images were obtained
at a defocus of B4000 nm.
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Swelling ratio measurements

Gels were dried in a vacuum desiccator and the dry weight (W0)
was measured. They were then immersed in DI water till they
reached maximum swelling. The surface water was then removed,
and the saturated weight (Ws) was measured. The swelling ratio
was calculated using:

Swelling ratio = (Ws � W0)/W0.
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