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ABSTRACT: Ligand spatial presentation and density play
important roles in signaling pathways mediated by cell receptors
and are critical parameters when designing protein-conjugated
therapeutic nanoparticles. Here, we harness lipid phase separation
to spatially control the protein presentation on lipid vesicles. We
use this system to improve the cytotoxicity of TNF-related
apoptosis inducing ligand (TRAIL), a therapeutic anticancer
protein. Vesicles with phase-separated TRAIL presentation induce
more cell death in Jurkat cancer cells than vesicles with uniformly
presented TRAIL, and cytotoxicity is dependent on TRAIL
density. We assess this relationship in other cancer cell lines and
demonstrate that phase-separated vesicles with TRAIL only enhance cytotoxicity through one TRAIL receptor, DR5, while another
TRAIL receptor, DR4, is less sensitive to TRAIL density. This work demonstrates a rapid and accessible method to control protein
conjugation and density on vesicles that can be adopted to other nanoparticle systems to improve receptor signaling by
nanoparticles.

KEYWORDS: phase separation, Janus particles, vesicles, liposomes, TRAIL, lipid domains

The spatial presentation of ligands has a critical impact on
cellular response. The density and interligand distance of

extracellular ligands interacting with their receptors can control
binding and adhesion, ultimately affecting cell signaling
pathways and controlling a range of processes from immune
responses to stem cell differentiation.1−3 For ligand-con-
jugated, therapeutic nanoparticles, the ligand density and
spacing can affect cellular binding and uptake and receptor
activation.4,5 By considering the role of ligand spatial
presentation, therapeutic nanoparticles may be better designed
to elicit desired cellular responses. Toward this goal, Janus
nanoparticles, particles with two unique surfaces with distinct
properties, have been developed to control the location and
density of surface-conjugated ligands. Janus nanoparticles allow
precise patterning of ligands on opposite faces, which have
been used to study endocytosis of partial PEGylation6 and
ligand clustering for T cell activation7,8 and to develop
nanoparticles that mimic antibodies.9 Yet the assembly of these
particles is difficult, requiring complex chemistry and
manufacturing schemes, hindering their adoption as therapeu-
tic nanoparticles despite their unique advantages.
In contrast to nanoparticles, cellular membranes naturally

control the spatial presentation of ligands using phase-
segregated lipid rafts. Lipid rafts are compartmentalized
regions on the cell membrane characterized by increased
cholesterol and saturated lipid content. These structures
segregate distinct populations of biomolecules, affecting local
membrane properties, lipid−protein interactions, and protein

signaling.10 Phase separation can be readily replicated in
synthetic, self-assembled lipid systems.11 Phospholipid bilayers,
in both planar and nanoparticle form, can undergo phase
separation when the appropriate mixtures of membrane
components are used.12,13 Beyond a limited number of
examples,14,15 this rich physical phenomenon has rarely been
exploited to better design therapeutic nanoparticles.
A therapeutic target that could benefit from controlled

presentation of ligands on a nanoparticle surface is the death
receptor apoptosis pathway for anticancer therapy. In this
pathway, TNF-related apoptosis inducing ligand (TRAIL), a
homotrimer, binds to death receptors DR4 and DR5
upregulated in cancer cells and induces apoptosis.16 As
TRAIL exhibits enhanced activity during oligomerization,
recombinant TRAIL often requires further clustering or
cross-linking for therapeutic use.17 For example, TRAIL
signaling has been shown to improve when conjugated onto
a lipid vesicle (liposome) compared to soluble TRAIL.18−20

This improvement is attributed to vesicle-promoted TRAIL
oligomerization on the cell surface. Despite this improvement,
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TRAIL-conjugated vesicles still perform poorly in vivo, in part
because we do not fully understand how TRAIL density
impacts signaling. Methods that allow for greater control of
TRAIL presentation should allow us to study TRAIL signaling
and improve the anticancer activity of TRAIL-conjugated
therapeutic nanoparticles.
We set out to test whether we could control TRAIL density

through changes in lipid composition in vesicles, and whether
the density of TRAIL could improve signaling and cancer cell
apoptosis. By conjugating TRAIL to unsaturated lipids and
varying the concentration of domain-forming saturated lipids,
we reasoned that we could control TRAIL density in vesicles
by decreasing the surface area available to TRAIL-conjugated
lipids while keeping the concentration of TRAIL per
nanoparticle constant overall. Furthermore, we hypothesized
that TRAIL localization would improve receptor oligomeriza-
tion on target cells and TRAIL-mediated signaling would
increase, ultimately enhancing apoptosis. Using recombinant
TRAIL, we show the extent to which lipid phase separation can
be harnessed to change the spatial density of TRAIL on vesicle
surfaces and increase TRAIL signaling. By leveraging the
intrinsic ability of lipid vesicles to phase separate, we
demonstrate that lipid composition can be engineered to
modulate the spatial density of proteins on a vesicle surface
and promote TRAIL clustering and cytotoxic efficacy (Scheme
1).
To control the surface density of TRAIL on liposomes, we

assembled nanovesicles with varying levels of membrane phase
separation. DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
an unsaturated lipid, forms a liquid-disordered (Ld) phase,
whereas DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)/
cholesterol mixtures form a liquid-ordered (Lo) phase.

21 When
mixed at appropriate ratios, these three lipids can phase
separate into Ld and Lo phases within a single vesicle
membrane. Lipid vesicles are assembled using ternary mixtures
of DOPC and DSPC at varying ratios with cholesterol at a
constant 30 mol %. To localize TRAIL to select regions of the
membrane, we included an unsaturated lipid with a Ni-NTA
(nickel-nitrilotriacetic acid) headgroup that localized into Ld
regions in the liposome membrane. This Ni-NTA lipid allows
conjugation of His-tagged TRAIL to our vesicles after vesicle
formation. Polyethylene glycol (PEG, [18:0 PEG(2000)]),
conjugated to a saturated lipid, was incorporated at 1 mol %
for vesicle stability and should partition away from Ni-NTA
lipids to reduce possible steric hindrance. Vesicles were
extruded to 100 nm, an ideal size for drug delivery, incubated
with His-tagged TRAIL, and dialyzed to remove unconjugated
protein. By increasing the ratio of DSPC to DOPC in these
vesicles, we expected to increase the size of Lo domains and
reduce the size of Ld domains, respectively.
We used microscopy and Förster resonance energy transfer

(FRET) analysis to confirm lipid phase separation. Vesicles are
labeled with a saturated lipid dye (16:0 NBD, [N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)]) and an unsaturated lipid dye (18:1
Rho, [Lissamine-Rhodamine PE]) that should separate into Lo
and Ld domains, respectively. Because we cannot visualize lipid
domains in nanovesicles using microscopy, we created giant
unilamellar vesicles (GUVs), micron-sized vesicles formed
through electroformation with properties complementary to
those of nanovesicles.11 GUVs showed segregation of 16:0
NBD and 18:1 Rho into distinct regions of the membrane in
ternary compositions of DOPC, DSPC, and cholesterol,
confirming the formation of phase-separated lipid domains

(Figure 1a). In compositions with only DOPC or DSPC and
cholesterol, the two dyes did not segregate. Next, we measured
the FRET efficiency between 16:0 NBD (donor) and 18:1 Rho
(acceptor) to assess the spatial separation between Lo and Ld
phases in nanovesicles that would be used for cell studies
(Figure 1b).22,23 These studies demonstrated measurable
differences in FRET ratio (here reported as normalized
Fdonor/Facceptor [see eqs 1 and 2 in Supporting Information]
as a function of DSPC content, suggesting differences in phase
separation as a function of vesicle composition (Figure 1c). As
expected, vesicles composed of DOPC alone showed the
lowest FRET ratio, indicating the two fluorescent probes were
more uniformly distributed across the membrane. Increases in
the mole fraction of DSPC increased the FRET ratio,
indicating the saturated and unsaturated lipids were located
farther apart within a given membrane and suggesting the
presence of nanodomains. Pure DSPC vesicles exhibited the
highest FRET ratio, which we attribute to the presence of
extremely small Ld domains that result from segregation of the
NTA-lipids and unsaturated lipid dye. Conjugation of TRAIL
to DGS-NTA-Ni did not change vesicle FRET values,
indicating the conjugation of TRAIL does not disrupt domains
(Figure 1d). To further confirm that the FRET data reflect the
presence of membrane domains, we used a temperature ramp
to destabilize domains.11,22 Our temperature studies show that
the FRET ratio is temperature-dependent and decreased at

Scheme 1. Design of TRAIL-Conjugated Nanoparticles
Using Phase-Separated Lipid Vesiclesa

a(Top) By varying the ratio of unsaturated lipid (DOPC), saturated
lipid (DSPC), and cholesterol, lipid vesicles can be assembled
containing homogenous or phase-segregated membranes. A nickel-
conjugated lipid (DGS-NTA-Ni) that integrates into the liquid
disordered phase of the membrane can bind histidine-tagged TRAIL
proteins and generate nanoparticles with varying spatial densities of
TRAIL. (Bottom) Nanoparticles with low unsaturated lipid content
and increased density of TRAIL are hypothesized to enhance
apoptosis in target cells.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c04365
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c04365/suppl_file/nl1c04365_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04365?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04365?fig=sch1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c04365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher temperatures; this result is expected, as domains are
known to dissolve and lipids become well mixed when the
melting temperature (Tm) of the saturated lipid is approached
(55 °C for DSPC, Supporting Figure S1). In summary, our
characterization of giant and nanosized vesicles confirms that
our choice of lipid mixtures yields vesicles with varied degrees

of lipid segregation, which is conserved upon TRAIL
conjugation.
Next, we measured several physical and chemical properties

of the TRAIL-conjugated vesicles. All TRAIL-conjugated
vesicle compositions exhibit a similar size and ζ potential
(Figure 1e and Supporting Table S1). We next confirmed the
extent of TRAIL conjugation onto the vesicles using Western
blot analysis. DOPC, 1:1 DSPC:DOPC, 2:1 DSPC:DOPC,
and 3:1 DSPC:DOPC compositions all show similar levels of
TRAIL conjugation, while DSPC vesicles demonstrate less
TRAIL conjugation (Figure 1f and Supporting Figure S2A).
We hypothesize that TRAIL conjugation to DSPC vesicles is
poor because DGS-NTA-Ni is unsaturated and assembles into
extremely small Ld domains. As a result, steric hindrance from
conjugated TRAIL molecules could prevent other TRAIL
molecules from associating with unoccupied/unbound DGS-
NTA-Ni. Nonreducing Western blot analysis revealed
oligomeric TRAIL structures in vesicles that increase in
number as the Lo domain size decreases (Supporting Figure
S2B). DSPC vesicles exhibit extremely large oligomers, which
supports our hypothesis that TRAIL-conjugated lipids are
highly segregated in this region and are likely to prevent other
TRAIL molecules from binding to unbound DGS-NTA-Ni.
Nonetheless, all other compositions showed similar levels of
TRAIL conjugation. Finally, we imaged our nanovesicles using
cryo-electron microscopy (cryo-EM) before and after TRAIL
conjugation (Figure 1g and Supporting Figure S3) and
observed no changes in morphology across all samples. We
therefore established a series of membrane compositions that
display differential phase separation but similar overall total
TRAIL concentrations and morphologies, allowing us to
isolate the role of TRAIL spatial density on cell cytotoxicity.
We then studied the capacity of TRAIL-conjugated vesicles

to initiate TRAIL-mediated apoptosis. To measure cytotoxicity
of TRAIL-conjugated vesicles, we chose to first study Jurkat
cells, which are more sensitive to TRAIL-conjugated vesicles
than soluble TRAIL alone. This feature suggests Jurkat cells
may be responsive to further spatial localization of TRAIL
molecules within membrane domains.20 Jurkat cells were
treated with increasing concentrations of either soluble TRAIL
or TRAIL-conjugated vesicles for 24 h (Figure 2a). Despite
DOPC TRAIL and soluble TRAIL possessing similar relative
IC50 values (29 and 25 ng/mL, respectively), DOPC TRAIL
vesicles were more efficacious, reducing viability to approx-
imately 25% while the effect of soluble TRAIL plateaued at
50% even at higher concentrations (Supporting Figure S4).
Furthermore, we observed that segregation in vesicle domains
increased the cytotoxicity of TRAIL and that cytotoxicity
correlated with smaller domain size (3:1 DSPC:DOPC > 2:1
DSPC:DOPC > 1:1 DSPC:DOPC > DOPC). Decreasing the
domain size increased both the efficacy, as domain-containing
vesicles killed virtually all Jurkat cells at 200 ng/mL, and
potency (relative IC50 of 17 ng/mL for 1:1 DSPC:DOPC, 7
ng/mL for 2:1 DSPC:DOPC, and 6 ng/mL for 3:1
DSPC:DOPC) of TRAIL-conjugated vesicles. Surprisingly,
DSPC vesicles did not exhibit any significant TRAIL-mediated
cytotoxicity. While DSPC TRAIL vesicles had significantly less
TRAIL conjugated on their surface, the concentration of
TRAIL on DSPC vesicles should still have been sufficient to
induce apoptosis; therefore, some other feature of TRAIL
presentation in these particles was likely affecting their efficacy.
To rule out the possibility that the cytotoxic effects we
observed were due to the lipid vesicles themselves, we treated

Figure 1. Characterization of TRAIL conjugation to lipid domain
vesicles. (a) Microscopy images of GUVs show phase separation of
saturated lipids (green) and unsaturated lipids (red). Scale bars are 10
μm. (b) Schematic of a FRET assay to determine the lipid domain
presence in vesicles. (c) FRET analysis of vesicle lipid domains before
TRAIL conjugation, where the increasing FRET ratio indicates the
presence of domains. The FRET ratio is reported as Fdonor/Facceptor.
(d) FRET analysis of vesicle lipid domains before and after TRAIL
conjugation shows no change after TRAIL conjugation. (e) Size
distribution of TRAIL-conjugated vesicles measured by dynamic light
scattering (DLS). (f) Conjugation efficiency of TRAIL to vesicles, as
determined by Western blot. Results were analyzed by ANOVA
compared to 0:1 DSPC:DOPC as a control. **** p < 0.0001, *** p <
0.001, ** p < 0.01, * p < 0.05. (g) Cryo-electron microscopy images
of TRAIL vesicles. Scale bar = 100 nm. Error bars represent SEM
from n = 3 different vesicle preparations (panels c−f).
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Jurkat cells with unconjugated vesicles at the highest lipid
concentration (1 mM lipid) used (Figure 2b). As expected,
Jurkat viability was not negatively affected by unconjugated
vesicles. Flow cytometry analysis of TRAIL receptors showed

Jurkat cells express higher levels of DR5 relative to DR4
(Figure 2c). Binding studies of the vesicles to Jurkat cells
demonstrated that increasing DSPC vesicle concentration
increases the binding of vesicles to cells nonspecifically and
that binding does not fully correlate with TRAIL-mediated
cytotoxicity (Supporting Figures S5 and S6). We hypothesize
that the reduced cytotoxicity of DSPC-TRAIL vesicles may be
due to the increased rigidity of DSPC vesicles or an altered
presentation of TRAIL molecules on the surface of DSPC
vesicles. This is supported by previous studies that
demonstrate membrane fluidity affected immunoliposome
binding toward target cells.24,25 Our other vesicle compositions
that showed robust TRAIL activity contained more unsatu-
rated lipids and correspondingly more fluid membranes.
Altogether, these results indicate that clustering TRAIL within
Ld domains of lipid vesicles increases cell signaling and
apoptosis.
To further confirm TRAIL-mediated cell death, we next

investigated the activation of intracellular apoptotic signaling
molecules by monitoring caspase-3/7 and caspase-8 activity.
When TRAIL binds to its receptors, death receptors 4 and 5
(DR4, DR5), it recruits FAS-associated protein with death
domain (FADD) and pro-caspase-8 to the cell membrane. This
leads to caspase-8 activation and subsequent caspase-3 and
caspase-7 activation to induce apoptosis.26 We therefore
measured caspase-3/7 and caspase-8 activity to confirm cell
death is the result of TRAIL-induced intracellular signaling.
We measured caspase-3/7 and caspase 8 activity in Jurkat cells
after 3 h of incubation with vesicles containing 20 ng/mL of
TRAIL (Figure 2d,e, respectively). At this time point and
concentration we saw minimal caspase activity from soluble
TRAIL, DOPC TRAIL, 1:1 DSPC:DOPC TRAIL, or DSPC
TRAIL, but vesicles with smaller domains in the 2:1
DSPC:DOPC TRAIL and 3:1 DSPC:DOPC TRAIL compo-
sitions showed significantly increased caspase activity. There-
fore, segregation of TRAIL in the Ld domain of vesicles
increased caspase 3/7 and caspase 8 activity after 3 h over
DOPC vesicles presenting uniformly distributed TRAIL.
Curiously, DOPC TRAIL did not show any differences in
caspase activity relative to soluble TRAIL at this time point
despite increased cytotoxic activity over soluble TRAIL after
24 h, which could indicate that clustering also affects the rate
of caspase activity. Work studying Fas/FasL, which induces
apoptosis similarly to TRAIL/DR5, demonstrated the ligand
spacing of FasL affected the apoptosis rate, which could explain
increased caspase activity in the phase-segregated 2:1 and 3:1
DSPC:DOPC TRAIL compositions but not DOPC TRAIL.27

These results confirm the mode of TRAIL-vesicle mediated
cytotoxicity is through caspase-mediated apoptosis and that
concentrating TRAIL into vesicle membrane domains
increases caspase activity.
Finally, we wanted to assess the reproducibility of our

system with other cell types. We assessed the cytotoxicity of
phase-segregated TRAIL vesicles on five additional cancer cell
lines: U2-OS, U937, MDA-MB-231, K562, and HCT-116
(Figure 3a−e). Interestingly, we found that TRAIL segregation
in membrane domains did not universally improve TRAIL
cytotoxicity. Some cell types were sensitive to TRAIL
segregation in domains similar to Jurkat cells (U2-OS,
U937), while other cell types showed no differences in
viability between soluble TRAIL or domain-segregated TRAIL
(K562, KDA-MB-231, and HCT-116). Again, treatment of
cells with unconjugated vesicles at the highest lipid

Figure 2. Vesicle lipid domains enhance TRAIL activation in Jurkat
cells. (a) Viability of Jurkat cells treated with different concentrations
of soluble and vesicle TRAIL after 24 h. Error bars represent SEM
from n = 6 using two different vesicle preparations. The concentration
reported is the initial amount of TRAIL added to the vesicles during
conjugation. Results are analyzed by two-way ANOVA with multiple
comparisons compared to DOPC TRAIL. (b) Viability of Jurkat cells
to 1 mM unconjugated lipid vesicles, which corresponds to the
highest TRAIL-conjugated vesicle concentration tested. Error bars
represent SEM from n = 8 from three different vesicle preparations. p
values reflect an ANOVA with multiple comparisons compared to
untreated Jurkat cells. (c) Flow cytometry analysis of Jurkat
expression of TRAIL receptors DR4 and DR5. (d, e) Activation of
caspase 3/7 (d) and caspase 8 (e) in Jurkat cells exposed to soluble
and vesicle TRAIL (20 nM) after 3 h. Error bars represent SEM from
n = 3. p values are generated using ANOVA with multiple
comparisons. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.
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concentration showed no effects on viability, suggesting all
observed cell death was dependent on TRAIL interactions with
cells (Supporting Figure S7). DSPC TRAIL vesicles again
showed limited cytotoxicity (Supporting Figure S8). We
further tested caspase activity in U937 cells, one of the cells
affected by TRAIL segregation in domains, and saw similar
trends to what was observed in Jurkat cells (Supporting Figure
S9). These results indicate that the capacity of spatial
segregation to improve TRAIL mediated cell death is
dependent on cell type.
We hypothesized that vesicle interactions with TRAIL

receptors DR4 and DR5 may play a role in TRAIL sensitivity.
Using flow cytometry, we measured the expression levels of
DR4 and DR5 for each cell type (Figure 3f−j). We compared
the DR5/DR4 expression level to the difference in cell viability
between cells incubated with 3:1 DSPC:DOPC (phase
segregated) or DOPC (uniform) TRAIL vesicles and identified
two distinct clusters (Figure 4). Cells that predominantly
expressed DR5 over DR4 were sensitive to TRAIL segregation
in vesicle domains, while cells that expressed more or
equivalent amounts of DR4 over DR5 showed no viability
differences as a function of vesicle composition.
Previous studies have shown that DR5 and DR4 can respond

differentially to TRAIL. DR5 benefits from TRAIL oligome-
rization in order to activate apoptotic signaling.28−30 In
contrast, TRAIL oligomerization has less of an effect on
DR4 activation.28,31,32 DR4 resides in lipid rafts in certain cell
types that are susceptible to TRAIL, rendering TRAIL
oligomerization unnecessary because DR4 is likely already
preorganized.33 Because DR4 can competitively bind TRAIL
from DR5,31,34,35 the relative differences in receptor expression
should dictate the extent to which TRAIL density influences

apoptotic signaling. We expect, therefore, that when DR5 is
more prevalent on cell membranes than DR4, TRAIL density
should become more important, and vesicles that localize
TRAIL in phase-segregated domains should affect the extent of

Figure 3. Cytotoxicity of TRAIL conjugated to vesicles with lipid domains depends on the cell type. Cell viability upon treatment with soluble and
vesicle TRAIL after 24 h and expression of TRAIL receptors DR4/DR5 of U2-OS (a, f), U937 (b, g), MDA-MB-231 (c, h), K562 (d, i), and HCT-
116 (e, j). Error bars represent SEM from n = 6 from two different vesicle preparations. The concentration reported is the initial amount of TRAIL
added to the vesicles during conjugation. Only the 2:1 (*) and 3:1 (*) DSPC:DOPC TRAIL condition is statistically different from DOPC TRAIL
for U2-OS and only the 3:1 DSPC:DOPC TRAIL condition is statistically different from DOPC TRAIL for U937 (*). Results are analyzed by two-
way ANOVA with multiple comparisons compared to DOPC TRAIL as our control. * p < 0.05.

Figure 4. Enhancement of TRAIL cytotoxicity with lipid domains is
dependent on DR4 and DR5 expression levels in target cells. The
DR5/DR4 ratio on target cells is shown relative to the resulting
cytotoxicity difference between 3:1 DSPC:DOPC TRAIL vesicles and
pure DOPC TRAIL vesicles. Cytotoxicity differences between vesicles
containing domains and homogeneous DOPC vesicles are only seen
when DR5 is expressed higher than DR4. The error bar represents the
SEM from n = 6 (y-axis) and n = 3 (x-axis).
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apoptotic signaling. In contrast, when DR4 is more prevalent
and TRAIL signaling occurs primarily through this receptor,
the spatial density of TRAIL should be less important, which
we have observed in our studies. DR4 and DR5 can also form
heterocomplexes, which is not well understood but has been
shown to predominantly signal through DR4 in pancreatic
tumor cells.36,37 Ultimately, the relative levels of DR4 and DR5
expression, and which receptor the cell predominantly signals
through, could affect the therapeutic strategy for TRAIL
agonists.
Lipid domains provide a straightforward route to control the

spatial density of a lipid-linked protein to signal cluster-
dependent receptors like DR5. Our observations of TRAIL
mediated cytotoxicity in cell types that express higher levels of
DR5 relative to DR4 show that concentrating TRAIL in
smaller lipid domains enhances cytotoxicity relative to vesicles
with homogeneously distributed TRAIL. This observation is
consistent with recent studies using DNA origami nanostruc-
tures: ligand spatial orientation improved apoptosis signaling in
DR5 and Fas (CD95, a protein similar to DR5), with the
optimal interligand distance at approximately 10 nm.27,38 We
do note that increasing vesicle binding to cells through TRAIL
domains (Figure S5) could have an effect on TRAIL
cytotoxicity but does not fully explain cytotoxicity differences
because DSPC vesicles bind strongest without corresponding
increases in cytotoxicity. We therefore hypothesize that
controlling TRAIL spatial orientation on lipid vesicles by
using lipid domains most likely increases DR5-mediated
apoptosis by approaching this critical interligand distance.
Further studies to characterize lipid domains in nanovesicles,
however, will be required to more widely adopt this method.
The domain size and number on lipid vesicles is dynamic and
widely distributed similarly to lipid rafts in cell membranes,
and characterizing domains is extremely difficult.39 Advances in
cryo-EM have been developed to visualize lipid domains and
protein localization in nanovesicles, which could allow us to
better characterize how domain number and size could affect
signaling.40,41

Vesicle phase separation is a useful technique to enhance
protein-conjugated vesicles. Including optimization of TRAIL
density for other TRAIL nanoparticle approaches could
enhance TRAIL therapeutics in vivo.26,42−46 From a
biomaterials perspective, controlled spatial conjugation of
proteins can apply to other types of vesicles with demonstrated
phase separation, such as lipid−polymer hybrid vesicles23,47

and polymersomes,48,49 as well as in supported bilayer systems
and nanoparticles for fundamental investigations into the
effects of spatial arrangements on biological mechanisms.50,51

Biological systems that are also known to be dependent on
receptor clustering include immune signaling receptors52,53

and receptor internalization.54,55 Altogether, phase separated
vesicles provide researchers a new tool to spatially control
protein spacing for designing cell-mimetic systems and
therapeutic nanoparticles.
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