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Liposomes are effective nanocarriers for targeted therapeutic delivery, yet challenges regarding the
extent and specificity of cargo release persist. Many disease conditions result in metabolite concentration
dysregulation, increasing the appeal to harness overly abundant metabolite concentrations as triggers for
targeted delivery and cargo release. Here, we introduce a novel stimuli-responsive liposomal platform
with a tunable response to either guanosine triphosphate (GTP) or tripolyphosphate (TPi) that was
achieved through incorporation of a novel bis-phosphonium-based lipid switch (BPLS) and strategic
manipulation of liposome composition. This platform enables selective cargo release triggered by GTP, a
metabolite upregulated in many fast-growing cancer cells. Fine-tuning of liposome composition also
allows for TPi triggered release, a model phosphate compound to illustrate the dual response of this
system. Hydrophobic and hydrophilic dye release assays, dynamic light scattering, transmission electron
microscopy, and kinetic cargo release studies confirmed metabolite-responsive membrane perturbation
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driven by BPLS, inciting controlled release of both polar and non-polar cargo. By fine-tuning liposome
composition to control metabolite selectivity and release kinetics, this platform offers a versatile frame-
work for addressing complex metabolite profiles in diseased cells, expanding the stimuli-responsive lipo-
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Introduction

Liposomes are versatile nanocarriers that are capable of encap-
sulating a wide range of molecular cargo and are especially
useful for applications in therapeutic drug delivery."?
Therefore, liposomes have found widespread utility in clinical
therapeutic applications. While conventional liposomes offer
improvements to therapeutic delivery, such as increased solu-
bility and favorable pharmacokinetics, they also exhibit
minimal cargo release and lack delivery specificity in the
absence of a triggering mechanism." These particular chal-
lenges have propelled recent advances in liposomal modifi-
cations to improve these properties, particularly through the
development of stimuli-responsive liposomes. Liposome plat-
forms utilizing both active (i.e. heat, ultrasound, light)*"> and
passive (redox, pH, and enzyme expression)®® release systems
have been developed, but challenges remain for the clinical
translation of each of these. For example, external stimuli that
are commonly harnessed by active release systems can be toxic
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some toolbox toward the potential of customized drug delivery.

to healthy cells, while passive, internal release systems have
historically targeted stimuli that only exhibit slight differences
between healthy and diseased cells.”*°

Further expansion of this field has led to the recent develop-
ment of metabolite-responsive liposomes, which exploit the
benefits of passive release stimuli while addressing the challenges
of diseased versus healthy cell differentiation due to the signifi-
cant upregulation of metabolite concentrations that are common
in diseased cells. These liposomes leverage chemical species
specifically upregulated within disease states, such as zinc,"'
calcium," guanosine triphosphate (GTP),"* and adenosine tri-
phosphate (ATP),'* as internal triggers to selectively incite cargo
release in the presence of the target stimulus."” This is achieved
by incorporating synthetic lipid switches that undergo significant
conformational changes upon metabolite binding, thereby dis-
rupting liposome membrane packing to release encapsulated
contents.'® While such innovations have the potential to enhance
liposome delivery capabilities, fine-tuning these carriers to
respond to multiple metabolites or specific triggers by modulat-
ing liposome composition remains underexplored, limiting the
ability to tailor delivery platforms to diverse disease profiles.

Here, we report a novel liposomal platform that achieves
tunable responsiveness to phosphorylated metabolites includ-
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ing GTP and tripolyphosphate (TPi) by varying the liposome
composition (Fig. 1). GTP is a metabolite of interest due to its
involvement in a wide range of intracellular enzymatic reac-
tions and its support of protein synthesis."””'° Rapid tumor
cell growth necessitates an abundance of GTP since protein
synthesis requires two molecules of GTP per amino acid
addition, and its concentration within various cancerous cell
lines has been documented at 800 to 2400 uM, elevated from
healthy cell concentrations.”® TPi, while not biologically rele-
vant, serves as a proof-of-principle model phosphate, allowing
us to assess the adaptability of this platform to diverse phos-
phorylated metabolites. The tunable responsiveness relies on
varying the ratio of lipids within the liposome formulation, for
which we utilized lipids including 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), r-a-phosphatidylcholine (PC),
t-a-phosphatidic acid (PA), and our bis-phosphonium lipid
switch (BPLS). The lipid mixture modulates the responsiveness
of the liposome by varying membrane self-assembly pro-
perties. Serendipitously discovered during synthetic efforts,
BPLS provides an alternative option to a copper(u) dipicolya-
mine (CuDPA) lipid we reported previously that is responsive
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toward GTP,"® but instead demonstrates tunable responses to
GTP and TPi. Furthermore, the two copper chelates included
within the structure of our original GTP-responsive lipid
switch may limit its application in biological systems.

Our studies described herein show that liposomes formu-
lated in a 40/35/25 BPLS/DOPE/PC ratio exhibit dual respon-
siveness to both GTP and TPi, whereas adjustment of this ratio
to 45/20/35 yields GTP-selective hydrophobic cargo release over
other structurally similar nucleotide triphosphates. Dynamic
light scattering (DLS) and transmission electron microscopy
(TEM) experiments confirmed morphology changes consistent
with membrane disruption due to metabolite interactions with
our lipid switch. Fluorescent dye release assays using both
hydrophobic and hydrophilic cargo provide insight into the
release capabilities of our liposome systems, highlighting the
tunable release response between different metabolites. By
demonstrating liposome composition-dependent metabolite
selectivity, this platform expands the toolbox for metabolite-
responsive liposomes and offers the potential for a versatile
approach to eventually customize drug delivery for diseases
with dysregulated metabolite profiles.
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Fig. 1 Liposomes containing BPLS exhibit tunable triggered release based on the lipid content ratio of BPLS, DOPE, and PC. GTP or TPi binding
with BPLS are designed to incite a conformational change of the lipid, disturbing lipid membrane packing within BPLS liposomes in order to release

both hydrophobic and hydrophilic cargo.
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Results and discussion

To advance the tunable metabolite-responsive lipid switch
toolbox, we integrated structural insights from a previously
reported ATP-responsive lipid switch'* through novel head-
group modification, leading to the incorporation of triphenyl-
phosphonium (TPP) headgroups serendipitously discovered
during synthesis. The synthetic route to BPLS (Scheme 1)
adapts the previously reported work, beginning with a Suzuki
coupling between 5-bromo-2-hydroxybenzaldehyde as the core
of the headgroup structure and 4-(n-nonylphenyl) boronic
acid, which introduces the hydrophobic lipid tail to produce
1.2. This was followed by dimerization with a 1,2-dibro-
moethane linker for 1.3 generation. Headgroup modification
continued via reduction to 1.4 and bromination to 1.5. We
next intended to perform azide substitution followed by a
Staudinger reduction to produce a bis-amino product, but
instead observed addition of the two TPP units of BPLS.
Presumably, this occurred through substitution of either the
benzylic bromide or azide groups by triphenylphosphine
nucleophiles. It should be noted that the TPP groups of BPLS
could drive mitochondrial targeting, and established use of
alternative TPP-conjugated lipids points towards potential low
cytotoxicity and biodegradability of BPLS, although further
testing would be required to confirm these possibilities.>* >
After producing BPLS as an unexpected product containing
positively charged groups that could engage in complexation,
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we set out to evaluate this structure as a lipid switch for metab-
olite-triggered release from liposomes. Utilizing a Nile red
(NR) dye release assay,”> where NR fluorescence is activated
within the hydrophobic interior of the liposomal membrane
but deactivated upon exposure to the aqueous buffer environ-
ment, we measured the extent of cargo release driven by
bilayer perturbation through changes in fluorescence.
Liposomes for these release experiments were prepared
through standard thin-film hydration at 2 mM concentration
and extruded through 200 nm membranes, followed by DLS
analysis to confirm stable liposome formation.>*

Initially, metabolite-responsive liposome selectivity was
investigated using liposomes containing 35/40/25 percentages
of BPLS, DOPE, and PC lipids, respectively. Liposomes were
incubated for 16 hours with 1, 5 or 10 mM concentrations of
common phosphate- or carboxylate-containing anionic metab-
olites (Fig. 2), including sodium phosphate (Pi), sodium pyro-
phosphate (PPi), adenosine 5-diphosphate (ADP), adenosine
5'-triphosphate (ATP), p-fructose-6-phosphate (FP), p-fructose-
1,6-bisphosphate (FBP), TPi, cytidine 5-triphosphate (CTP),
GTP, uridine 5-triphosphate (UTP), adenosine 5-monophos-
phate (AMP), malic acid (Mal), fumaric acid (Fum), oxaloacetic
acid (Oxa), and succinic acid (Suc). This metabolite selectivity
screen revealed that BPLS liposomes exhibited significant
cargo release in response to GTP and TPi (~70% and 72% NR
fluorescence decrease, respectively), prompting our investi-
gation into this lipid’s capabilities and subsequent findings of
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Scheme 1 Synthetic route to BPLS. Compound 1.1 was coupled with 4-(n-nonylphenyl) boronic acid to produce 1.2 followed by dimerization with
1,2-dibromoethane to 1.3, aldehyde reduction to 1.4, bromination to 1.5, and TPP substitution to yield BPLS.
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Fig. 2 NR release metabolite selectivity screen by treating 35/40/25
BPLS/DOPE/PC liposomes with phosphate- or carboxylate-containing
metabolites. Significant cargo release was noted with 5 and 10 mM GTP
or TPi incubation, with moderate release noted from ATP and UTP. All
other anionic metabolites tested showed virtually no response. Error
bars denote standard errors from at least three biological replicates.

tunable response. Some moderate metabolite driven release
was also observed with ATP and UTP treated liposomes,
although only at higher metabolite concentrations and result-
ing in less extensive cargo release. Conversely, CTP, an
additional nucleotide triphosphate, yielded minimal release
despite structural similarities to GTP. However, CTP has been
noted as a weaker electron donor due to its pyrimidone func-
tionality, which may account for its decreased binding affinity
with BPLS.”* While data show some overlap in triggering by
other nucleotide triphosphates, this is not expected to be pro-
blematic since increased concentrations of all nucleotide tri-
phosphates are generally observed in cancer cells with rapid
cell growth environments.>® Several other anionic metabolites
showed virtually no NR release under these conditions, show-
casing partial selectivity with this liposomal triggered release
platform.

After the initial metabolite selectivity screen revealed
responsiveness of BPLS liposomes to GTP and TPi, a wider
range of liposome formulations were tested with the same NR
release assay, specifically focusing on GTP as the triggering
metabolite (summarized in Table S1). Ultimately, two key lipo-
some formulations exhibiting favorable GTP-triggered release
were identified as either 35% DOPE or 20% DOPE, with the
remaining percentage shared in different ratios of BPLS and
PC. TPi and GTP treatment of these two liposome formulation
types yielded an interesting response, where 40/35/25 BPLS/
DOPE/PC liposomes (Fig. S1A) exhibited triggered cargo
release with both metabolites, but lipid ratio adjustment to 45/
20/35 BPLS/DOPE/PC (Fig. S1B) yielded enhanced -cargo
release selectivity by GTP. This suggests that the liposome
composition plays a key role in lipid switch selectivity by mod-
ulating the membrane environment in a way that can be fine-
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tuned to promote cargo release response to a specific
metabolite.

To further investigate this tunable metabolite selectivity of
BPLS and observe how lipid switch percentage and cargo
release correlate, end-point NR release assays were next com-
pleted where DOPE percentages were held constant at 35 or
20% while BPLS and PC percentages were varied (Fig. 3). The
inclusion of DOPE within liposome formulations aids in lipo-
some destabilization,”® priming liposomes for triggering and
subsequent cargo release. However, with DOPE inclusion,
inherent liposome leakiness can also arise due to excessive
destabilization. While the two previous formulations exhibited
tunable release, we expected that liposome leakiness could be
improved from ~25% passive cargo release (Fig. S1A). For lipo-
somes with 35% DOPE treated with TPi, our findings indicated
a linear relationship between NR release and BPLS percentage
(Fig. 3A), plateauing at ~82% release with 35-45% BPLS.
However, destabilization of these liposomes to promote trig-
gered cargo release also resulted in increased passive cargo
leakage. Of this less-selective liposome type, formulations with
35/35/30 BPLS/DOPE/PC  percentages maintained the
maximum cargo release while decreasing passive cargo release
to ~15%, balancing stability while maintaining metabolite
triggered release capabilities.

For GTP-selective liposomes containing 20% DOPE, an
initial linear trend in liposome destabilization was observed
up to 30-40% BPLS (Fig. 3B). However, with higher concen-
trations of BPLS, a re-stabilization effect appeared, where
passive cargo leakage decreased while maximum cargo release
was maintained. The optimal formulation of this type was
determined as 50/20/30 BPLS/DOPE/PC liposomes, which
exhibited ~5% passive leakage and ~92% cargo release when
treated with GTP.

We next explored an enhanced perspective of metabolite-
driven release from BPLS liposomes by studying the kinetics of
NR release (Fig. 4). Here, we selected three formulations of
each liposome type from the previous endpoint release assay
(Fig. 3) that exhibited cargo release while minimizing passive
leakage. Liposomes were prepared at 2 mM and treated with
either 10 mM TPi (X/35/65-X BPLS/DOPE/PC) or 10 mM GTP
(X/20/80-X BPLS/DOPE/PC). The three liposome formulations
treated with TPi (Fig. 4A) showed similar kinetic release curves
for NR release, plateauing at similar extents of cargo release
and exhibiting ~40-50% cargo release within 2.5 hours. The
GTP treated liposomes differed in kinetic release curves for the
three formulations tested, increasing in release extent as BPLS
was increased. Cargo release within the first 2.5 hours ranged
from ~40-60%. NR release of the BPLS liposomes was also
measured in more complex environments, where liposomes
hydrated in 1x PBS still exhibited minimal cargo leakage in a
phosphate-rich environment (Fig. S29) and GTP-selective
release was still observed for 50/20/30 BPLS/DOPE/PC lipo-
somes treated with 6 mM of competing metabolites (similar to
the metabolites in Fig. 2) and 6 mM GTP (Fig. S30). GTP-selec-
tive liposomes were then also measured in media (Fig. S31),
where GTP-selective cargo release was also observed for 50/20/
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Fig. 3 End-point NR release assay results for liposomes with varying BPLS percentage but fixed DOPE (35% for A and 20% for B) treated with TPi
(A) or GTP (B). BPLS percentage generally correlated to a linear relationship in triggered cargo release and passive cargo leakage for liposomes
below 40-50% BPLS. Optimal formulations were found to be 35/35/30 BPLS/DOPE/PC (A) and 50/20/30 BPLS/DOPE/PC (B). Error bars denote stan-
dard errors from at least three biological replicates. Statistical comparisons were performed between TBS and trigger (TPi, GTP) at each BPLS% using
unpaired two-tailed t-tests (Welch's correction), where n.s. (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001).
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Fig. 4 Kinetic NR release curves for BPLS liposomes treated with 10 mM of either TPi (A) or GTP (B) and monitored over 15 hours. Release curves

indicate steady cargo release from liposomes for the formulations with

Error bars denote standard errors from at least three biological replicates.

30 BPLS/DOPE/PC liposomes. Overall cargo release was dimin-
ished compared to the same liposomes in buffer, but still
exhibited significant release of ~44% of NR. Buffer treated
controls indicated higher overall liposome stability with
decreasing passive leakage as BPLS was increased. Control
liposomes without BPLS exhibited minimal NR release after
metabolite treatment, indicating NR release was facilitated
through lipid switch and metabolite interaction. Rate con-

© 2025 The Author(s). Published by the Royal Society of Chemistry

the most extensive release with minimal release from untreated controls.

stants and t;,, were calculated for the GTP/TPi treated samples
(Fig. $12-517).

A final NR release study was then completed (Fig. 5) to rein-
vestigate the metabolite selectivity of the two optimized BPLS
formulations and compare to the original screen (Fig. 2),
focusing specifically on the nucleotide triphosphates GTP,
ATP, CTP, and UTP along with TPi. The chosen formulations
represent the optimized liposome composition for response to
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Fig. 5 Additional metabolite selectivity experiments highlight the tunable selectivity of BPLS with optimized liposome formulations determined
from the previous kinetic NR release curves. (A) 35/35/30 BPLS/DOPE/PC liposomes incubated with nucleotide triphosphates or TPi exhibited signifi-
cant triggered cargo release with GTP and TPi, while NR release from UTP and ATP incubation was attenuated when compared to the initial selecti-
vity screen. (B) 50/20/30 BPLS/DOPE/PC liposomes incubated with the nucleotide triphosphates or TPi exhibited significant triggered cargo release
by GTP incubation only, verifying the tunable selectivity of BPLS against similar metabolites. Error bars denote standard errors from at least three
biological replicates. Statistical analysis was performed using a two-way ANOVA (factors: formulation and trigger) followed by Tukey's post-hoc mul-
tiple comparison test. Significance between triggers within each formulation is shown where n.s. (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p <
0.001). The two-way ANOVA also confirmed a significant formulation X trigger interaction (p < 0.0001).

either TPi or GTP, based on the previous kinetic release curves.
NR encapsulation efficiencies for these specific formulations
were found to be (19.2 + 0.4) and (63.3 + 0.8)% for 35/35/30
and 50/20/30 BPLS/DOPE/PC, respectively, using a calibration
curve (Fig. S22). For the less-selective TPi/GTP responsive for-
mulation, 35/35/30 BPLS/DOPE/PC liposomes exhibited trig-
gered cargo release resulting from both TPi and GTP treatment
as expected (Fig. 5), along with some moderate response with
UTP treatment.

Raw DLS data indicated a split population for the GTP
treated liposomes, with some particles retaining the original
size and others shifted to larger diameters (Fig. S2). This can
be clearly contrasted with more uniformly large aggregates
from TPi-triggered liposomes in the same study. While these
liposomes release cargo in the presence of either metabolite,
the liposomal response and reorganization differed, highlight-
ing how membrane dynamics may play a role in our responsive
BPLS liposomes. Additionally, zeta potential studies (Fig. S3
and S4) indicated an overall negative charge flip for 35% BPLS
liposomes treated with TPi versus GTP, which may be another
factor responsible for this formulation’s decreased selectivity
even with a higher Ky determined for BPLS-TPi (Fig. S5 and
S6). Both zeta potential and fluorescence binding data provide
validation of BPLS binding to GTP or TPi.

Triggered release from ATP and UTP incubation for these
liposomes was also reduced compared to the initial selectivity
screening, confirming this formulation’s increased selectivity
towards GTP and TPi. This contrasted with the GTP-selective
formulation, where 50/20/30 BPLS/DOPE/PC liposomes exhibi-
ted significant cargo release after GTP incubation (Fig. 5 and
S7), with minimal release from alternate metabolite incu-
bation, verifying the tunable selectivity of BPLS against similar

RSC Pharm.

metabolites. Both liposome formulations also exhibited
minimal changes in fluorescence over a longer, untreated
7-day period, indicating minimal passive leakage and thus
shelf-stability of both liposome types (Fig. S8). Both liposome
formulation types were additionally loaded with Doxorubicin,
where their loading capacities were determined to be (5.93 +
0.4)% and (5.12 + 0.4)% for 35/35/30 and 50/20/30 BPLS/DOPE/
PC liposomes, respectively. Partially selective 35% BPLS lipo-
somes indicated Dox release with both 10 mM TPi and GTP
treatment whereas the more selective 50% BPLS liposomes
exhibited significant Dox release with GTP treatment only
(Fig. S32).

We expected that triggered release from BPLS liposomes
would be accompanied by changes in liposome size and mor-
phology due to membrane perturbations we attribute to lipid
switch conformational changes upon metabolite binding. To
probe potential changes in liposome morphology, we next
monitored particle size changes through DLS experiments
before and after TPi and GTP treatment. The samples showed
uniform particle sizes of ~200 nm before treatment (Fig. S9A
and B), indicating stable liposomes were initially formed.
Upon incubation with 10 mM GTP or TPi, no notable changes
were observed for 0% BPLS (negative control) liposomes, indi-
cating a lack of non-specific response. In an additional nega-
tive control, BPLS liposomes treated with buffer exhibited no
significant size changes, indicating that NR release from tris-
buffered saline (TBS) treated samples in the previous release
experiments likely resulted from passive cargo leakage.
However, liposomes containing BPLS showed significant size
increases after treatment with GTP (Fig. S9A and B) or TPi
(Fig. S9A), confirming that metabolite responsiveness was the
source of cargo release. The less selective formulations with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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35% DOPE exhibited significant size changes after treatment
with both triggers. When DOPE is decreased to 20% and BPLS
ranges from 30-50%, selectivity increases such that significant
size changes were only observed after GTP treatment.

GTP/TPi driven membrane perturbations with BPLS
binding were further supported by TEM imaging studies
(Fig. 6 and S10). The dual-metabolite responsive liposomes
(35/35/30 BPLS/DOPE/PC) were imaged using a negative stain-
ing technique before and after GTP or TPi treatment. While
certain untreated liposomes had difficulty surviving stain treat-
ment, we were able to image several examples of unilamellar,
uniform liposomes (Fig. 6A and B). TEM images of the lipo-
somes after one minute of incubation with 10 mM GTP
(Fig. 6C and D), 30 mM GTP (Fig. 6E and F), 10 mM TPi
(Fig. 6G) or 30 mM TPi (Fig. 6H) highlighted drastic mor-
phology changes within the liposomes. Multivesicular aggre-
gates were noted for all metabolite treatment conditions, but
an interesting shift in aggregate morphology from 10 mM to
30 mM treatment was noted. Liposomes treated with 10 mM
GTP or TPi showed multivesicular aggregates with more
spherical vesicles identifiable within the larger aggregate.
Increasing metabolite treatment to 30 mM shifted the cap-
tured morphology where individual spherical vesicles were
much more difficult to identify, indicating more extensive
membrane perturbations resulting from BPLS triggering.

While the prior studies primarily investigated NR hydro-
phobic dye release using BPLS, the unique bilayer structure of
liposomes also allows for encapsulation of hydrophilic cargo
within the aqueous liposome core for delivery. Release of polar,
hydrophilic cargo is of particular interest due to the recent rise
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in RNA treatment strategies including CRISPR/Cas 9 gene
editing or mRNA sequence delivery.>’ > Eliciting polar cargo
release from liposomes can present additional challenges since
this cargo must escape through the non-polar membrane
bilayer. This may require more extreme membrane perturbation,
necessitating a fine balance of liposome stability before and
after encountering the stimulus. Therefore, inclusion of
additional membrane-destabilizing lipids such as DOPE and PA
can enhance triggered release, but requires formulation testing
to ensure that passive cargo leakage remains low.

For hydrophilic cargo release studies, we utilized sulforho-
damine B (SRB) dye as a model for polar cargo. SRB encapsu-
lated at high concentrations within liposomes exhibits self-
quenching due to collisional effects, which is counteracted
through dye release into solution that can be tracked through
fluorescence increases.’® Non-specific dye encapsulation
within liposomes was performed by hydrating liposomes with a
SRB-containing buffer, and unencapsulated dye was removed by
size-exclusion chromatography (SEC) (Fig. S11). Encapsulation
efficiencies and dye to lipid ratios were calculated to be 0.201 +
0.005% (12.1 + 0.3 nmol SRB per umol lipid) and 0.075 =
0.004% (4.51 + 0.2 nmol SRB per pmol lipid) for 37.5/32.5/2/28
and 37.5/36.5/2/24 BPLS/DOPE/PA/PC liposomes, respectively.
Polar dye encapsulation is randomly trapped during liposome
formation, usually leading to low efficiencies.** Osmolarities of
the Tris-HCI buffer and SRB were corrected to be isotonic with

physiological environments. SRB release results were calibrated
as a percentage of total release of encapsulated dye, which was
determined by treating liposomes with Triton X-100 detergent at
the end of each assay.

Fig. 6 Negatively stained TEM images of 35/35/30 BPLS/DOPE/PC liposomes before treatment (A and B) highlighted unilamellar, uniform vesicles.
After treatment with 10 mM GTP (C and D), 30 mM GTP (E and F), 10 mM TPi (G), or 30 mM TPi (H), multivesicular aggregates formed with more

extensive vesicle degradation after 30 mM treatments (E, F and H).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Kinetic SRB release curves for BPLS liposomes treated with 10 mM of either TPi or GTP and monitored over 16 hours. Release plateaus were
observed near the 15-hour mark, indicating steady release of cargo from liposomes. Release from 37.5/32.5/2/28 BPLS/DOPE/PA/PC liposomes (A)
was noted at ~15 and ~20% for 10 mM GTP and 10 mM TPi treatment respectively. Release from 37.5/36.5/2/24 BPLS/DOPE/PA/PC liposomes (B)
exhibited some tunability, with 10% and 25% release from 10 mM GTP and 10 mM TPi treatment, respectively. Error bars denote standard errors from

at least three biological replicates.

After liposome formulation screening with various percen-
tages of BPLS, DOPE, PA, and PC, two liposome formulations
were identified for promising polar cargo release while mini-
mizing passive cargo leakage (Fig. 7). BPLS percentages were
kept constant within the two formulations at 37.5%, with
changes in the DOPE/PA/PC ratios altering metabolite selecti-
vity and overall cargo release. Liposomes composed of 37.5/
32.5/2/28 BPLS/DOPE/PA/PC released ~15% of SRB cargo upon
10 mM GTP incubation and ~20% cargo with 10 mM TPi incu-
bation. Conversely, liposomes with 37.5/36.5/2/24 BPLS/DOPE/
PA/PC percentages released ~10% of cargo with 10 mM GTP
incubation versus 25% cargo with 10 mM TPi incubation,
again indicating tunability even with liposomes that were pur-
posely destabilized for polar cargo release. As hydrophilic
cargo release requires polar molecules to move through the
entire membrane, SRB release was not as extensive NR release,
which allows for future optimization. However, passive cargo
leakage was minimized below 5% for both liposome formu-
lations, indicating balanced stability preventing passive
leakage while still possessing sufficient liposome destabiliza-
tion capabilities to facilitate polar cargo release. Rate constants
and t;, were calculated for the GTP/TPi treated samples
(Fig. S18-521).

Conclusions

We have developed a novel liposomal platform that exhibits
tunable responsiveness to GTP and TPi through strategic
modulation of lipid compositions. By incorporating our TPP-
based BPLS lipid switch, we achieved tunable, semi-selective
and controlled cargo release with both hydrophobic and hydro-

RSC Pharm.

philic dye cargos. These results were confirmed using NR
release assays, kinetic cargo release curves, DLS, metabolite
selectivity screening, TEM imaging, and SRB kinetic release
assays. Further development of this work is necessary for
translation into clinical application, including optimization of
trigger concentration sensitivity and release Kkinetics.
Pharmacological evaluations completed through studies such
as biodistribution, biodegradability, and toxicity analysis will
additionally be necessary for further translation of the system.
However, our chemical proof-of-concept results do highlight
the critical role of liposome composition in fine-tuning metab-
olite triggered selectivity and release kinetics. While the struc-
ture of the lipid switch is important for metabolite selectivity
and subsequent switch triggering, the percentage of the lipid
switch in relation to other bulk lipids within liposomes also
plays a key role in triggered release activity. By leveraging GTP
upregulation in diseased states and exploring TPi as a model
phosphate to investigate liposome platform tunability, this
work provides the foundation towards a versatile approach for
complex metabolic profiles in diseased cells. With this adaptable
framework, a modular toolbox of lipid switches could be envi-
saged to eventually target a wide range of disease conditions with
various upregulated metabolites. Instead of utilizing one unique
lipid switch per metabolite of interest, strategically modifying
liposome composition may allow a smaller number of unique
switches to selectively respond to a wider range of metabolites
through tuning. In the long term, liposomes that respond to tar-
geted metabolites show promise for enhancing the selectivity of
delivery to diseased cells in which those particular metabolites
are upregulated. Toward that end, this work expands the stimuli-
responsive liposome toolbox and paves the way for exploration of
multi-metabolite responsive systems.
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