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ABSTRACT: Liposomal delivery vehicles can dramatically enhance drug transport. However, their clinical application requires
enhanced control over content release at diseased sites. For this reason, triggered release strategies have been explored, although a
limited toolbox of stimuli has thus far been developed. Herein, we report a novel strategy for stimuli-responsive liposomes that release
encapsulated contents in the presence of phosphorylated small molecules. Our formulation efforts culminated in selective cargo re-
lease driven by ATP, a universal energy source that is upregulated in diseases such as cancer. Specifically, we developed lipid
switches 1a-b bearing two ZnDPA units designed to undergo substantial conformational changes upon ATP binding, thereby disrupt-
ing membrane packing and triggering the release of encapsulated contents. Dye leakage assays using the hydrophobic dye Nile red
validated that ATP-driven release was selective over eleven similar phosphorylated metabolites and release of the hydrophilic dye
calcein was also achieved. Multiple alternative lipid switch structures were synthesized and studied (1e-d and 2), which provided
insights into the structural features that render 1a-b selective toward ATP-driven release. Importantly, analysis of cellular delivery
using fluorescence microscopy in conjunction with pharmacological ATP manipulation showed that liposome delivery was specific,
as it increased upon intracellular ATP accumulation, and was inhibited by ATP downregulation. Our new approach shows strong
prospects for enhancing selectivity of release and payload delivery to diseased cells driven by metabolites such as ATP, providing an

exciting new paradigm for controlled release.

INTRODUCTION

Liposomal nanoparticles are effective molecular cargo contain-
ers for the encapsulation and delivery of a wide range of thera-
peutic agents.! Indeed, several liposome formulations have been
approved for clinical applications by the US Food and Drug Ad-
ministration (FDA) and additional constructs are undergoing
clinical trials.>* These applications have resulted from key ad-
vancements in liposome delivery properties, including the dec-
oration of liposome surfaces with poly(ethylene glycol) (PEG)
to dramatically enhance circulation time,* additives such as cat-
ionic lipids or lipopeptides to advance infiltration of cells,’ and
targeting moieties such as antibodies and peptides to enhance
selective delivery to diseased cells.®

However, a key aspect of liposomal drug delivery that re-
mains difficult to control is the timing and location of encapsu-
lated cargo release. This provides an important opportunity to
maximize payload delivery, control subcellular drug localiza-
tion, and enhance selectivity toward diseased cells. As a result,
the development of stimuli-responsive liposomes is a vigorous
area of research in which a number of stimuli have been ex-
plored for controlling cargo release.”® These are categorized as
passive release (internal stimuli intrinsic to diseased cells, i.e.,
pH,*!? redox,!!"!* and enzyme expression'*!) or active release
(external stimuli, i.e., light,'®!7 heat,'®!° and ultrasound®®). De-
spite these efforts, liposome triggered release is yet to be incor-
porated into clinical liposome applications due to multiple chal-
lenges. Internal stimuli commonly suffer from minimal

differences between diseased and healthy cells. For example,
while the extracellular environment of cancer cells is more
acidic, and thus pH-responsive liposomes have been heavily
studied, there is a narrow window for triggered release (pH 6.5-
6.7 for cancer cells compared to pH 7.2-7.4 for healthy cells).?!
For active release, it is challenging to deliver stimuli in a non-
destructive manner. For example, the UV light needed for
photo-responsive liposomes exhibits ineffective tissue penetra-
tion and is toxic to healthy tissue.?

The current work pertains to a new paradigm in which small
molecule metabolites can be harnessed to trigger content release
from liposomes by directly binding lipid switches and perturb-
ing membrane properties. This is because overly abundant me-
tabolites are commonly associated with diseased cells, offering
a promising strategy for selective drug delivery. A challenge in
this endeavor entails the extension of molecular recognition
principles in a manner that will modulate liposome self-assem-
bly properties. We previously developed similar approaches by
engineering calcium and zinc-responsive liposome plat-
forms.?*2* Here, lipid switches were designed such that calcium
or zinc binding induced a conformational change that was ef-
fective for modulating membrane properties and driving cargo
release. While ions provided strategic targets for proof-of-con-
cept due to the existence of known sensors that exhibit high af-
finity and selectivity, small molecules present significant chal-
lenges due to the dearth of clinically relevant host structures and



the presence of multiple functional groups with varying three-
dimensional presentation.

Herein, we report direct liposome triggered release driven by
phosphorylated small molecules, which culminated in selective
adenosine triphosphate- (ATP)-responsive liposomes. Phos-
phorylated metabolites are of particular interest since the intro-
duction of phosphate groups into biomolecules is a critical
means for regulating biological function.?>?® ATP is an excel-
lent target for metabolite-driven release due to its high concen-
tration and critical roles in biological systems. It is a universal
energy source that controls vital biological processes, including
signaling,””?® energy transduction,?** regulation of cellular
metabolism,?!3? and DNA replication.’33* While ATP exhibits
low concentrations in the extracellular space of healthy tissues
(0.01-0.1 mM),* increases in ATP concentration up to the high
mM range are associated with tumors resulting from conditions
including inflammation, hypoxia and mechanical stresses.’638
Therefore, in the development of platforms for drug release
driven by the binding of small molecules, ATP provides an ex-
citing prospective stimulus for liposome triggered release. The
concept of ATP-responsiveness has been validated using other
delivery carriers featuring different mechanisms.** In a rare
case employing liposomes, Gu and co-workers reported a co-
delivery system employing a cell-penetrating peptide fusogenic
shell and a core DNA-protein conjugate that is activated by sup-
plemental liposome-encapsulated ATP.* While this elegant
work confirmed that ATP-mediated delivery can enhance anti-
cancer therapeutic efficacy, a direct approach in which lipo-
some membrane properties are modulated via incorporated lipid
switches, as presented herein, provides an efficient strategy that
doesn’t require multiple protein and DNA additives to trigger
cargo escape.

RESULTS AND DISCUSSION

Design and Synthesis of ATP-Responsive Liposomes. The
development of stimuli-responsive liposomes presents design
challenges pertaining to the conditions invoked to perturb mem-
branes for cargo release. Prior work has commonly employed
modifications to naturally existing non-bilayer lipids,* such as
dioleoylphosphatidylethanolamine (DOPE) to alter lipid pack-
ing.*® However, this system offers only subtle changes to mem-
brane packing. Therefore, high percentages of stimuli-respon-
sive lipids are typically required in liposome formulations,
which are not amenable to clinical applications due to instabil-
ity issues. To overcome this obstacle, rationally designed syn-
thetic lipid switches have recently emerged as a more effective
means to trigger content release. By engineering the lipid struc-
ture, and through the power of chemical synthesis, more signif-
icant structural changes that perturb membrane properties can
be designed to occur upon stimuli addition.*’*8 A pioneering
example of this approach was reported by Leblond and cowork-
ers, where they developed a pH-responsive lipid switch for
which acidification facilitated hydrogen bond formation that in-
duced a conformational change in the lipid structure, leading to
release of entrapped cargo.*>>* This work inspired our efforts to
develop calcium and zinc-responsive liposomes as well as the
current work.

To develop liposomes that respond to phosphorylated small
molecules, we initially designed artificial lipid switches of type
1 containing zinc(II) dipicolylamine (ZnDPA) groups, which
culminated in the discovery of ATP-responsive properties.

ZnDPA moieties were included since they effectively bind
phosphorylated functional groups with high affinity.>!> Build-
ing upon the success of our previous calcium responsive lipid
switch, we mounted two ZnDPA groups onto rigid scaffolds (of
type 1, Scheme 1A) so that the resulting lipid can thus rest com-
fortably within liposomal membranes in the unbound form.
Binding to phosphorylated small molecules was designed to in-
duce a conformational change that produces lipid products ex-
hibiting conical shapes. This was envisaged to disrupt mem-
brane packing and trigger the release of encapsulated cargo by
amplifying the properties of naturally existing non-bilayer li-
pids (Scheme 1B).#
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Scheme 1. Design for phosphorylated metabolite-responsive
liposomes. A. General structures of responsive lipids of type 1
bearing two ZnDPA units. These lipids are designed to adopt a
cylindrical structure in the membrane prior to guest treatment.
Chelation of an appropriate phosphorylated molecule is ex-
pected to lead to an increased cone angle and non-bilayer prop-
erties. B. Cartoon depiction of liposome release driven by phos-
phorylated metabolite addition. The conformational change
upon guest molecule binding is expected to disrupt membrane
integrity and trigger encapsulated cargo release.

Since it is difficult to predict the exact host design and cavity
size that would fit metabolite targets, we designed lipid struc-
tures bearing linkers of different length and rigidity between the
two ZnDPA groups. Initial switches included a short ethylene
linker (1a) and a slightly longer aromatic p-xylene linker (1b).
Further variants designed to probe structural effects on release
will be subsequently described. The synthetic route to initial
compounds 1a and 1b is shown in Scheme 2, which began with
a Suzuki coupling reaction between 5-bromo-2-hydroxybenzal-
dehyde (1.1) and (4-nonylphenyl)boronic acid to introduce al-
kyl tails leading to 1.2. This was next treated with either dibro-
moethane or p-xylene dibromide to produce dimeric products
1.3a and 1.3b, respectively, with different linker lengths. These
compounds were next subjected to aldehyde reduction to alco-
hols (1.4a-b, shown in SI), bromination to produce 1.5a-b, and
then treatment with dipicolylamine to afford compounds 1.6a-
b containing two DPA binding groups. The last step involved
zinc chelation, which yielded the desired lipids of type 1 bear-
ing two ZnDPA units.
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Scheme 2. General synthetic route to bis-ZnDPA lipid structures 1a-b. Compound 1.1 was coupled with (4-nonylphenyl)boronic acid
to produce 1.2, followed by dimerization using dibromoethane to 1.3a or p-xylene dibromide to 1.3b, aldehyde reduction and bro-
mination to 1.5a-b, introduction of the DPA units of 1.6a-b, and finally zinc chelation to generate 1a-b.

Evaluation of Hydrophobic Dye Release from ATP-
Responsive Liposomes. Following lipid switch synthesis, we
first employed fluorescence-based dye leakage assays to evalu-
ate the efficacy of these compounds for triggering cargo release
when incorporated into liposomes and subjected to different
phosphorylated metabolites. Hydrophobic drugs generally ben-
efit from inclusion within nanocarriers to improve pharmacoki-
netic properties and minimize off-target effects.’* As a mimic of
these drugs, we began by conducting hydrophobic dye release
assays using the dye Nile red (NR), which fluoresces when sol-
ubilized within membrane bilayers,** but for which fluorescence
is diminished following release into aqueous media.>® Thus, NR
can not only mimic common hydrophobic drug cargo but also
provides signal transduction for tracking release. We began by
incorporating 1a at different percentages ranging from 0-20%
within liposomes otherwise composed of phosphatidylcholine
(PC, mixed isomers from egg) as a traditional bilayer-forming
lipid. These unilamellar liposomes were prepared using stand-
ard thin-film hydration techniques including film formation, hy-
dration, freeze/thaw cycling as well as extrusion through a 200
nm membrane. The formation of stable liposomes was verified
by dynamic light scattering (DLS) based on average particle
sizes (vide infra). NR encapsulation efficiencies were deter-
mined using UV-Vis spectroscopy by constructing a NR cali-
bration curve (Figure S1), resulting in (29.30 + 3.43) % and
(21.23 + 3.85) % for PC liposomes containing 0% and 10% 1a,
respectively.

A range of phosphate-containing metabolites were first
screened, including inorganic phosphate (Pi), inorganic pyro-
phosphate (PPi), ATP, adenosine diphosphate (ADP), adeno-
sine monophosphate (AMP), D-Fructose-6-phosphate (FP), and
D-Fructose-1,6-bisphosphate (FBP). In these experiments, we
initially determined that liposomes containing 20% of la
showed release only upon ATP and ADP addition among those
guests, with slightly greater release in the presence of ATP (Fig-
ure 1A). Control PC liposomes did not show any background
release. The observed selectivity of 1a liposomes,
ATP>ADP>AMP, could be attributed to the extent of negative
charge in these guests.’” The variation between ATP and ADP
treatment led us to hypothesize that ATP/ADP selectivity could
be fine-tuned by adjusting the percentage of lipid switch incor-
poration within liposomes. Specifically, by decreasing the per-
centage of 1a, we expected that selectivity for ATP could be
enhanced. To this end, we prepared liposomes containing 5% or
10% 1a and screened them for NR release by phosphorylated
metabolites. In line with our hypothesis, only ATP treatment in-
duced significant amount of dye leakage among these analytes.

Having shown that 1a liposomes effectively respond to ATP,
we next screened NR release upon treatment with additional tri-
phosphate-containing biomolecules including inorganic tri-
phosphate (TPi), the other nucleotide triphosphates (cytidine
(CTP), guanidine (GTP), and uridine (UTP) triphosphate),
which are structurally similar metabolites® that are also upreg-
ulated in tumor cells compared to normal cells,* as well as ino-
sitol-1,4,5-trisphosphate (IP3), a key signaling molecule that re-
leases calcium stores.®® As shown in Figure 1B, 10% 1a lipo-
somes showed release upon treatment with either GTP or UTP.
We were somewhat surprised to observe that CTP did not yield
any release due to the similarity in structures among nucleotide
triphosphates. However, among these, CTP is known to be a
weaker electron donor due to the presence of the pyrimidone
functionality, which may negate release in this case.’! Once
again, we lowered the 1a percentage within liposomes to deter-
mine if this would enhance selectivity. Accordingly, liposomes
containing 5% 1a exhibited selective NR-driven release by ATP
over all other nucleotide triphosphates. These results indicate
that designer lipid switch 1a is effective for selective ATP-
triggered liposome release over a range of similar phosphory-
lated metabolites, and that selectivity can be fine-tuned by in-
corporating different percentages of lipid switches within lipo-
somes. Furthermore, ATP provides a particularly exciting target
for metabolite responsive liposome design due to its important
biological roles and upregulation in diseased cells.

A more detailed understanding of ATP-driven NR release
from 1a liposomes is showcased by the titration results in Figure
1C. Here, 2 mM PC liposomes doped with 0%, 3%, 5%, 10%,
or 20% 1a were titrated with ATP to a final concentration of 0.5
mM with fluorescence readings after each addition. The result-
ing titration curves showed dose-dependent decreases in NR flu-
orescence as a function of 1a percentage with PC controls show-
ing no non-specific release upon ATP treatment. Cargo release
proceeded rapidly; when treating 10% or 20% 1la liposomes
with 0.5 mM ATP, release reached a plateau within three
minutes after ATP addition (Figure S2). We also conducted re-
lease experiments using lower concentrations of liposomes,
which led to diminished but still effective release (SI section 1.1
and Figure S3), suggesting that leakage is somewhat but not en-
tirely driven by fusion. Similar NR release experiments were
carried out with compound 1b (Figure S4A-B). For simple
phosphates, 20% 1b liposomes showed release for both ATP
and ADP. However, when the percentage of this compound was
decreased to 10%, 1b liposomes could effect-
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Figure 1. NR release results from liposomes containing lipid switch 1a. A. Selectivity screens of PC/1a liposomes toward different
phosphorylated small molecules or simply milli-Q water (MQ). While liposomes containing 20% 1a released NR upon both ADP
and ATP addition, decreasing incorporation to 10% and 5% resulted in liposomes that only responded to ATP. B. Selectivity of 1a
liposomes toward different triphosphates. Liposomes with 10% 1a responded to both GTP and UTP, while those with 5% 1a lipo-
somes did not exhibit release for any nucleotide triphosphates other than ATP. C. ATP titration curves for 1a liposomes showing
dose-dependent release depending upon the percentage of 1a. Error bars denote standard errors from at least three independent studies.
Insert: images of NR-encapsulated liposome solutions before and after ATP treatment showing pink precipitate formation.

ively distinguish between ATP and ADP, although with inter-
ference from GTP and slightly from UTP. From the titration
profile in Figure S4C, 20% and 10% 1b liposomes functioned
similarly to 1a liposomes, with ~50% and ~40% release for 20%
and 10% 1b incorporation, respectively. Interestingly, when we
reduced 1b incorporation to 5% of liposome composition, ATP-
driven release was almost completely abolished. This result in-
dicates that the cavity present in compound la with an ethyl
linker provides an improved fit for ATP binding compared to
1b (p-xylene tether). As a result, liposomes with lower (5%) 1a
incorporation remain effective toward ATP-triggered release.
The NR release kinetics of liposomes containing 1b were also
evaluated (Figure S5), which similarly showed that release
reached a plateau within three minutes after treating 10% or
20% 1b liposomes with 0.5 mM ATP. To investigate our pro-
posed conformational change upon 1a-ATP binding (Scheme
1), diffusion ordered spectroscopy (DOSY) experiments were
conducted in solution before and after addition of ATP (Figure
S6). We observed a decrease in diffusion coefficient, from
(1.0793 £ 0.043) x 10° cm?/s for 1a and (1.142 + 0.018) x 10°°
cm?/s for ATP, to (0.987 = 0.098) x 10 cm?/s for 1a-ATP. This
result is in accordance with our model by indicating an increase
in hydrodynamic radius per lipid molecule upon ATP binding.
However, it should be noted that this experiment is performed
in solution, and thus may not represent how 1a behaves within
the densely packed membrane environment.

Analysis of Liposome Morphology Changes Driven by
ATP. Triggered release is often accompanied by changes in lip-
osome size and morphology, particularly when processes such
as fusion or alterations to lipid self-assembly are involved.
Therefore, we next probed potential changes in particle sizes
through DLS experiments before and after triggered release.
Here, PC liposomes containing 0%, 5%, 10%, or 20% la were
subjected to DLS analysis with and without ATP treatment. As
can be seen in Figure 2A (grey bars, raw distribution curves in
Figure S7), all samples showed uniform particle sizes with ex-
pected diameters (~140 nm) pre-ATP treatment, indicating sta-
ble liposomes were formed with up to at least 20% 1a incorpo-
ration. Upon treatment with 0.5 mM ATP, PC-only liposomes
did not show any size change that could result from non-specific
interactions. After ATP addition, however, all liposome sam-
ples containing 1a showed size increases, and the average par-
ticle sizes post-ATP correlated with the percentage of 1la

included within the formulation (red bars, Figure 2A). Similar
changes in particle sizes were observed for PC/1b liposomes
(Figure S8). The previously described NR release results indi-
cate that the selectivities of liposomes containing 1a/1b toward
ATP over ADP can be fine-tuned by adjusting percent incorpo-
ration. These data were further supported through DLS experi-
ments. As shown in Figure S9, uniform size particles were ob-
served for 10% 1a/1b liposomes after ADP treatment, indicat-
ing ADP did not induce significant morphology changes in
these cases, in contrast to the dramatic changes observed upon
ATP addition.

These results were further supported by electron microscopy
(EM) experiments. PC liposomes after ATP addition did not
show any change via transmission EM (TEM) imaging using a
negative staining technique (Figure S10). The morphology of
1a/PC liposomes could not survive the negative stain treatment,
which is likely due to the charge present on the membrane sur-
face. As a result, we instead explored cryo-EM imaging, which
verified the formation of stable unilamellar 10% 1a/PC lipo-
somes pre-ATP treatment (Figure 2B). Cryo-EM images for
10% liposomes after 1 minute ATP incubation showed drastic
morphology changes (Figure 2C and 2D), in which the original
uniformly sized liposomes were replaced by multivesicular ag-
gregates. In these experiments, cryo-EM images were obtained
shortly after ATP addition since prolonged incubation that
yielded more completion liposome decomposition made it dif-
ficult to obtain images. For this reason, the sizes of lipid nano-
particles in post-ATP images are not as large as the DLS results
from more prolonged treatment. We additionally implemented
fluorescence microscopy to probe the formation of larger aggre-
gates, which yielded the added benefit of enabling tracking over
time. In this experiment, PC liposomes containing 0 or 10% 1a
were labeled with 0.08% Rhodamine L-o-phosphatidylethano-
lamine (Rd-PE) and subjected to confocal fluorescence micros-
copy monitoring over time before and after ATP treatment. As
can be seen in time-course video S1-2 and the captured images
in Figure S11, while both liposomes initially showed very faint
fluorescence (original liposome size below microscope resolu-
tion), only 10% 1a liposomes generated highly fluorescent ag-
gregates in the 2-3 pum size range within 5 minutes after ATP
treatment. Collectively, these results demonstrate changes in the
physical properties of liposomes caused by the addition of ATP,
for which
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Figure 2. A. DLS analysis of PC-based liposomes containing
different percentages of 1a encapsulating NR before and after
ATP treatment. All samples showed uniformly sized particles
pre-ATP addition. Increases in particle size were observed for
liposomes containing 1a and the extent of increase correlated
with the percentages of 1a incorporated. Error bars indicate
standard errors from at least three studies. B. Cryo-EM image
of 10% 1a/PC liposomes before ATP addition showing unila-
mellar vesicles with expected diameters (scale bar = 50 nm). C.
Cryo-EM image of 10% 1a/PC liposomes after ATP addition,
which instead showed complex multilamellar structures (scale
bar =200 nm). D. Enlarged image from Figure 2C showing de-
tailed structures of aggregates (scale bar = 50 nm).

multiple plausible explanations exist. One possible reason for
the size increases of lipid particles involves fusion of liposomes
induced by defects in membrane packing. Additionally, changes
in lipid structure could induce reorganization of lipids into al-
ternate assemblies such as the inverted hexagonal phase.

Additionally, we pondered whether NR release might be re-
versible. To test this, an ATPase enzyme was used to deplete
ATP through hydrolysis into ADP and free phosphate ion. After
adding ATP into 10% or 20% 1a liposomes to trigger content
release, the ATPase was added, and NR fluorescence was
tracked over time. As is shown in Figure S12A, addition of the
enzyme to 10% liposomes post-ATP treatment completely re-
stored NR fluorescence, and the NR precipitate observed after
ATP treatment was re-dissolved (Figure S12B). DLS experi-
ments following ATPase addition also revealed uniformly sized
particles that were identical to the initial liposomes (Figures
S12C-D). Interestingly, when the same experiments were con-
ducted using 20% 1a liposomes, only partial restoration of NR
fluorescence (Figure S13A) and particles sizes (Figures S13B-
D) was seen. These reversibility results indicate that when lipid
1a is incorporated at a low percentage (10%), ATP treatment
results in mild membrane reorganization that can be reversed
when ATP in the system is consumed. However, when 1a is in-
corporated at a higher percentage (i.e., 20%), more significant
changes in membrane packing likely occur that could lead to

liposome fusion, resulting in irreversible release. These results
also match our ATP/ADP selectivity results, in which we ob-
served that decreasing 1a incorporation from 20% to 10% re-
sulted in selectivity for ATP over ADP and other phosphates
(Figure 1). This is important to note since ADP produced by
ATP hydrolysis could still trigger content release from 20% 1a
liposomes, but not from 10% 1a liposomes. The reversibility
data suggest that liposome fusion may be the cause for the re-
duced ATP specificity observed at 20% 1a. The ability to ma-
nipulate and reverse liposomal self-assembly properties is an
exciting result that could be relevant in the context of research
investigating the origin of life and mimicking de novo mem-
brane synthesis.®

Assessment of Polar Cargo Triggered Release from ATP-
Responsive Liposomes. Benefitting from their unique bilayer
structure, liposomes are also capable of encapsulating and de-
livering hydrophilic cargo. The release of polar contents from
liposomes is also critical, particularly due to rapid recent ad-
vances in RNA therapies.® Therefore, we next studied the ATP-
driven triggering of hydrophilic content release from PC lipo-
somes containing 1a/1b. For these investigations, we employed
a calcein dye release assay, in which calcein fluorescence is in-
itially quenched at high dye concentrations within liposomes,
but is then restored upon release that culminates in dilution.®*
Since calcein is non-specifically encapsulated within liposome
interiors during preparation, size-exclusion chromatography
(SEC) was performed after extrusion to remove non-encapsu-
lated dye. The formation of these calcein encapsulated lipo-
somes was again supported by DLS (Figure S14). The results of
this assay were calibrated through treatment with Triton X-100
detergent at the end of each titration to induce complete release.
Data are reported as a percentage of the fluorescence intensity
induced by Triton X-100 to show the percentage of total release
and account for variations in dye inclusion among liposome
samples.

To evaluate ATP-responsive properties, we prepared calcein-
encapsulated liposomes with 10% 1a or 1b in PC as well as con-
trol liposomes composed entirely of PC. Calcein encapsulation
efficiency was also determined for 0% and 10% 1a liposomes'
and calculated to be (2.16 = 0.81) % and (1.65 = 0.55) %, re-
spectively. Polar dye encapsulation is typically low since these
molecules are randomly trapped during the formation of lipo-
somes.® As shown in the kinetic curves in Figure 3 and Figure
S15, PC liposomes containing 10% 1a promoted ~70% calcein
dye release within 30 minutes upon treatment with 10 mM ATP,
while PC control liposomes lacking a lipid switch showed only
minimal background release. Again, PC/1b liposomes showed
comparable release efficacy (Figure S16). Release studies with
diluted 10% 1a/PC liposomes were also conducted, and again
suggested that fusion is partly but not fully responsible for cargo
release (SI section 1.1 and Figure S17). The potential reversi-
bility of calcein release assay was also studied, but in this case
ATPase treatment did not affect the kinetic release curve (Fig-
ure S18), indicating the hydrophilic content leakage is an irre-
versible process, as expected. Collectively, our results indicate
that lipid switches 1a-b are effective for controlled release of
both hydrophobic and hydrophilic cargo release triggered by
ATP.
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Figure 3. Kinetic calcein release curves for PC and 10% 1a/PC
liposomes. Minimal increase in fluorescence intensity was ob-
served for PC liposomes upon treatment with 10 mM ATP. Af-
ter adding ATP to 10% 1a/PC liposomes, significant increases
in fluorescence were detected. Release was observed to be close
to completion within 30 minutes. Triton X-100 detergent was
added after fluorescence increases reached a plateau to induce
100% release and to calibrate this assay. One representative plot
of at least three unique experiments is shown.

Evaluation of Binding Interactions Between ATP and
Free Lipid 1a or la-liposomes. To validate that our lipid
switches are effective at binding ATP, the molecular recogni-
tion properties of 1a were next analyzed. First, *'P NMR titra-
tion experiments were carried out to probe for spectral changes
resulting from ATP binding.*® To do so, 1a was dissolved in ds-
DMSO in an NMR tube, which was subjected to titration with a
solution of ATP in D,0, with spectra recorded after each aliquot
was added. After adding 1 mM ATP (traces A to B, Figure S19),
an immediate shift in all three >'P chemical shifts occurred, in-
dicating the formation of binding interactions between 1a and
ATP. The greatest magnitude in shift change was observed for
P« and Pp, suggesting that these are closer in proximity to the
binding domain. UV-Vis titration experiments were also con-
ducted to further probe binding. When compound 1a in DMSO
was titrated with ATP in H,O, a decrease in absorbance along
with a shift in Amax was observed, further supporting direct 1a-
ATP binding (Figure S20). Attempts were made to eliminate
ATP background absorbance by simultaneously titrating it into
a separate reference cell, but this was complicated by the shift-
ing of the host signal upon ATP binding (Figure S20A). Within
a liposome environment, binding interactions between 1a and
ATP were evaluated by measuring zeta potential (ZP) values as
an efficient means for analyzing changes in surface charge. To
do so, liposomes including 0%, 5%, or 10% of 1a doped into
PC were prepared and ZP values were measured before and after
ATP treatment (Figure S21). Here, 100% PC liposomes initially
showed slight negative charge, in agreement with literature,®’
and did not change substantially upon ATP incubation. For 1a-
liposomes, due to the presence of ZnDPA units within the lipid,
initial liposomes were positively charged, and the degree of pos-
itive charge correlated with the percentage of 1a present. After
adding ATP, dramatic decreases in positive charge were de-
tected, indicating that ATP is interacting with 1a and counter-
acting the positive charge of the ZnDPA units of 1a.

Evaluation of Alternative Lipid Switch Structures. Since
we hypothesize that precise structural features are required to
control conformational changes, our release results led us to de-
sign and synthesize multiple alternative lipid switches bearing
different linkers and lipid chains (compounds 1¢-d and 2, Figure
4) to determine effects on activity. Compared to 1a, 1¢ includes
a longer and more flexible hexyl linker in between the two
ZnDPA units, which was expected to diminish binding and re-
lease by increasing the cavity size and flexibility. Analog 1d
only contains one ZnDPA binding site. If we assume our lipid
switches will be evenly distributed within liposomes otherwise
composed of PC, incorporating twice the percentage of 1d com-
pared to 1a essentially mimics the longest and most flexible
linker that is possible between ZnDPA units. Other than varying
the linkers, compound 2 was instead modified within its lipid
tails, in which we removed one aromatic ring (rigid) and re-
placed it with a more flexible C12 alkyl tail. The synthetic
routes for these modified compounds are outlined in Schemes
S1-3, which utilized similar strategies as were described for 1a
and 1b.
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Figure 4. Structures of alternative lipid switches designed to
probe structural effects on activity. Compared to 1a, 1c bears a
longer and more flexible hexyl linker. Compound 1d contains
only one ZnDPA binding unit. The rigidities of the lipid tails of
1a were diminished by switching benzene rings to more flexible
hydrocarbons in lipid switch 2.

NR release efficacy and selectivity were next screened using
PC liposomes doped with 10% or 20% 1e¢-d/2. While these li-
pids generally remained effective for ATP-mediated release, as
was expected, they were overall less responsive, in line with our
hypothesis. Compared to 10% 1a liposomes, which exhibited
release by ATP, GTP, and UTP, 10% 1c liposomes exhibited
reduced activity and responded only to ATP and GTP (Figure
S22A-B). Similar results were observed for 20% 1d liposomes,
which contain the same number of ZnDPA binding sites on lip-
osome surfaces as would 10% of 1a-c¢ (Figure S23A-B). Further
decreasing 1d incorporation to 10% completely abrogated re-
lease. The ATP-responsive properties of each compound were
thoroughly evaluated by expanded NR release titrations for PC
liposomes containing 5-20% of 1e-d/2 (Figures S22C-24C).
While 10% 1a and 1b liposomes showed comparable ATP re-
lease properties, 10% 1c¢ liposomes exhibited much slower ki-
netics (Figure S22C), which were similar to 20% 1d liposomes
(Figure S23C). Upon altering lipid chains, PC liposomes con-
taining 10% 2, which simply differs from 1a via more flexible
lipid chains, only responded to ATP among all the phosphory-
lated guest molecules we tested (Figure S24A-B). However,
while 20% 1la-c¢ liposomes showed very fast release kinetics
upon ATP binding, slightly slower release was observed for
20% 2 liposomes. In addition, 10% 2 liposomes showed an ob-
vious longer induction period, indicating that rigidity within the
tail also affects ATP binding/triggered release properties. Alt-
hough m-m stacking interactions contribute to certain ATP sen-
sors,® we don’t expect this to be a significant effect in our



compounds, considering that aromatic tails are expected to be
far away from the binding sites and buried in the hydrophobic
membrane, making them inaccessible to water-soluble ATP.
Reductions in conformational changes induced by ATP binding
provide a more reasonable explanation for the diminished re-
lease properties when switching rigid aromatic tails to more
flexible aliphatic tails. NR release results using all lipid
switches studied herein are summarized in Table S1. DLS and
calcein release experiments yielded similar conclusions regard-
ing ATP-responsive properties of 1c-d/2 (SI section 1.2, and
Figures S25-28, S22D-S24D).

These results indicate that increasing flexibility in both the
linker between ZnDPAs and in the lipid chains indeed reduced
liposome release via these lipid switches induced by ATP and
other metabolites we tested. Specifically, conversion from the
ethyl linker of 1a to the hexyl linker of 1¢ led to loss of activity,
and no further reduction was observed using double the concen-
tration of 1d, which contains only ZnDPA domain. This shows
that maintaining a proper cavity size is critical for effective mo-
lecular recognition events and/or conformational changes that
drive release. These results support our hypothesis that control-
ling the spacing of binding groups within lipid switches is criti-
cal for optimizing conformational changes that drive release.
Furthermore, diminishing general activity toward phosphory-
lated biomolecules provides an avenue for achieving greater se-
lectivity towards ATP, since activities toward other metabolites
can be decreased to a greater extent.

Cellular Delivery Studies Employing Modulation of ATP
Abundance. After demonstrating the successful design of stim-
uli-responsive liposomes that selectively release contents in the
presence of ATP, we next conducted fluorescence microscopy
experiments to determine whether 1a liposomes are a viable
means to deliver encapsulated molecules to cells. Additionally,
we determined if cargo release is controlled by ATP levels. For
these experiments we employed PC-based liposomes containing
5% 1a, a percentage determined to exhibit ATP-selectivity in

A

release studies, which were also doped with 0.08% Rd-PE. This
fluorescently tagged lipid enables facile detection of liposome
uptake using optical microscopy techniques. Liposomes were
incubated with A375 melanoma cells for 30 minutes at 37 °C in
a CO; environment, washed to remove unbound liposomes, la-
beled with DAPI (cell nuclei), fixed, and mounted on glass
slides for imaging. In initial experiments, cells treated with 5%
1a liposomes (Figure 5B) were compared to those subjected to
PC control liposomes (Figure 5A), which showcased a drastic
enhancement in Rd fluorescence resulting from cellular deliv-
ery. Corrected total cell fluorescence (CTCF) values showed a
~1,000-fold increase in cell delivery driven by 1a (Figure 5C).
These results indicate that 1a is effective for driving liposomal
cell entry. Cell viability in the presence of ATP-responsive lip-
osomes was also measured via an MTS assay using 5% 1a/PC
liposomes, with results showing that 1a liposomes do not cause
cytotoxicity (Figure S29).

We next worked to ascertain the dependence of cellular de-
livery specifically on ATP abundance, in which drugs were em-
ployed that modulate intracellular ATP biosynthesis. Specifi-
cally, combined treatment with Antimycin A (AA) and 2-de-
oxy-D-glucose (DG) was first conducted to inhibit mETC com-
plex III and glycolysis, respectively, which decreases intracel-
lular ATP levels.® Treatment with 5-aminoimidazole-4-carbox-
amide-1-B-riboside (AICAR), on the other hand, increases in-
tracellular ATP concentrations by activating AMPK.” Intracel-
lular ATP concentrations upon inhibitor treatment were quanti-
fied using a commercially available luminescent ATP detection
assay kit (Figure S30A). Modulation of ATP concentrations led
to profound effects on cellular delivery. Treatment with AA/DG
to diminish intracellular ATP resulted in a significant decrease
in cellular uptake (Figure 6C) compared to untreated cells (Fig-
ure 6A). Conversely, increase of ATP abundance using AICAR
instead culminated in significantly increased uptake (Figure
6D). A control containing diluted DMSO (Figure 6B) was also
run since AA was dissolved
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Figure 5: Fluorescence images of A375 cells treated with PC/Rd-PE liposomes (A) or 5% 1a/PC/Rd-PE liposomes (B) for 30
minutes. The presence of 1a increases cellular uptake of liposomes while PC liposomes without 1a showed minimal cellular infiltra-
tion. Blue: DAPI. Red: Rd-PE. Scale bars are 30 um. C. Quantified corrected total cell fluorescence via Image]. Statistical analysis
(t-test) indicates there is a significant increase (p=1.7 x 107) in uptake when 5% 1la is present in PC liposomes. N=4. Error bars

indicate standard deviation from the mean.
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Figure 6: Fluorescence images of control cells (A), control cells including diluted DMSO (B), cells treated with AA/DG (C), or
AICAR (D) followed by addition of PC/1a (5%)/Rd-PE liposomes for 30 minutes. Intracellular ATP modifications affect cellular
uptake of vesicles containing lipid 1a. Upregulating intracellular ATP increased liposome uptake, while down-regulating ATP level
decreased uptake. Blue: DAPI. Red: Rd-PE. Scale bar is 30 um. (E) CTCF values normalized to the untreated cell condition. One-
way ANOVA (p=0.0003) with post-hoc Tukey showed a significant decrease in uptake when cells were pre-treated with AA/DG and
a significant increase in uptake when cells were pretreated with AICAR. N=3-4. Error bars show the standard deviation from the

mean.

in DMSO. In all cases, fluorescence intensities were quantified,
as indicated in Figure 6E. The data resulting from pharmacolog-
ical ATP modification indicate that cellular delivery changes do
not merely arise from different degrees of endocytosis. While
cells with downregulated ATP resulting from treatment with
AA/DG did yield some labeling, the minimal amount of deliv-
ery observed in these experiments may potentially result from
the ability of ZnDPA groups to interact with cell surfaces by
binding to anionic phospholipids.>!

Overall, these results culminate in the conclusion that cellular
delivery of 1a liposomes is indeed driven by ATP and correlates
with ATP concentrations. One potential explanation for this re-
sult involves literature evidence that intracellular ATP is re-
leased from cells through both active and passive pathways, es-
pecially in the case of dying or damaged cells.”"’? Furthermore,
1a liposomes can potentially interact with cell membranes and
induce transient pore formation, which is a known mechanism
by which cationic peptides and DNA/lipoplexes can induce in-
tracellular ATP leakage.” To explore these possibilities, we
measured extracellular ATP abundance and found that sub-mi-
cromolar levels were present in the cellular environment (Figure
S30). Since the results shown in Figure 1C indicate that release
from liposomes containing 1a requires significantly higher ATP
concentrations, we therefore conclude that these low extracellu-
lar ATP levels are unlikely to play an important role in cellular
delivery. However, we determined that 1a liposomes do not pro-
mote ATP cellular leakage (Figure S30B). We instead propose
that the higher levels of ATP contained within late endosomes
may constitute the main source of ATP that drives liposome re-
lease. The notion that intracellular ATP is key for cargo release
is supported by the results obtained with AA/DG and AICAR
(Figure 6E). In accordance with these results, we propose that
intracellular ATP compromises 1a liposomes following their

uptake into cells, resulting in their decomposition and release of
contents.

CONCLUSIONS

We successfully developed small-molecule responsive lipo-
somes that exhibit selectivity for ATP among a variety of phos-
phorylated metabolites using synthetic lipid switches that are
driven by molecular recognition principles. This represents a
new paradigm for controlled liposome release by exploiting crit-
ical and complex small molecule metabolites as triggers. Lipo-
some delivery was achieved through the engineering of lipid
structures to undergo binding interactions with specific guest
molecules in a manner that modulates lipid self-assembly prop-
erties. Specifically, two phosphate-binding ZnDPA units were
introduced within the rigid lipid scaffold of 1a, such that ATP
binding induces a conformational change within the lipid struc-
ture. This molecular arrangement promotes non-bilayer proper-
ties and disrupts membrane integrity to ultimately induce encap-
sulated cargo release. Our data show that 1a is highly effective
as a lipid switch for driving ATP-responsive liposome cargo re-
lease. Furthermore, our results demonstrate that release proper-
ties can be fine-tuned to tailor selectivity towards ATP by mod-
ulating the percentage of 1a within liposomes. Systematic eval-
uation of ATP binding properties, release of hydrophobic and
hydrophilic cargoes, and lipid nanoparticle characteristics col-
lectively showed that selective ATP-mediated liposome release
was achieved through modulation of lipid self-assembly prop-
erties via ATP/lipid switch binding. By evaluating multiple al-
ternative lipid switch structures with varying flexibility both in
the linker between the ZnDPA units and within the lipid tails
(1a-d/2), we showed that structural fit is critical for optimizing
release properties. Finally, cellular fluorescence microscopy



experiments demonstrated that 1a liposomes are effective for
cellular uptake controlled by intracellular ATP levels. This new
direction offers an exciting avenue for enhancing control over
liposome release by harnessing important biomolecules that are
overabundant in disease. We envision that other aberrantly ex-
pressed biomolecules can act as targets for liposomal triggered
release by designing complementary lipid switches using simi-
lar design strategies.
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