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Abstract: A liposome-based co-delivery system composed of
a fusogenic liposome encapsulating ATP-responsive elements
with chemotherapeutics and a liposome containing ATP was
developed for ATP-mediated drug release triggered by lip-
osomal fusion. The fusogenic liposome had a protein—-DNA
complex core containing an ATP-responsive DNA scaffold
with doxorubicin (DOX) and could release DOX through
a conformational change from the duplex to the aptamer/ATP
complex in the presence of ATP. A cell-penetrating peptide-
modified fusogenic liposomal membrane was coated on the
core, which had an acid-triggered fusogenic potential with the
ATP-loaded liposomes or endosomes/lysosomes. Directly
delivering extrinsic liposomal ATP promoted the drug release
from the fusogenic liposome in the acidic intracellular
compartments upon a pH-sensitive membrane fusion and
anticancer efficacy was enhanced both in vitro and in vivo.

Stimuli-responsive drug-delivery systems (DDSs) are play-
ing an increasingly crucial role in a diverse spectrum of
applications for disease treatment.!l These environmental
stimuli involve external triggers? such as temperature,®!
light,”® magnetic field,”™ ultrasound,? electric current,
radio waves,?! and y radiation,”® as well as internal factors,
such as pH,”! redox reactions,” enzymatic expression,?
glucose levels,! and the presence of reactive oxygen species.!”!
Nanoparticle (NP)-based DDSs including liposomes, poly-
meric NPs, and protein/DNA-based nanocarriers have been
extensively investigated to respond to these signals for
delivery of their cargoes in an on-demand fashion.”!
Adenosine-5'-triphosphate (ATP), the essential biogenic
biomolecule for cellular energy metabolism and signaling, is
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highly present within the cells at a concentration range of 1-
10 mM, much greater than that of ATP in the extracellular
environment (<5 um).”! The distinct difference in the ATP
levels between extracellular and intracellular milieu is the
biological principle for the design of ATP-responsive carriers,
which is recently attracting considerable interest.!"!

We herein report a liposome-based co-delivery system
consisting of a fusogenic liposome encapsulating ATP-
responsive elements and a liposome containing ATP for
ATP-triggered drug release mediated by the liposomal fusion.
The fusogenic liposome contains a protein-DNA complex
core, which is composed of protamine and an ATP-responsive
DNA scaffold (Figure 1a). The DNA segment was composed
of the duplex hybridized by the ATP aptamer and its
complementary single-stranded DNA (cDNA), which shows
a specific and high affinity to ATP and has been often utilized
for ATP detection.'! Doxorubicin (DOX), a model small-
molecule anticancer drug that is particularly prone to be
intercalated in the GC pair of DNA motif, is applied to form
the DOX-loaded duplex (DOX-Duplex).'”! The interaction
of the complex of the ATP aptamer with ATP results in the
dissociation of the DNA duplex and the liberation of cDNA,
which thereby causes the release of the intercalated DOX
from DOX-Duplex through a structural transformation!'™
from the duplex to the aptamer/ATP complex (Figure 1b).
The cationic protamine is employed to condense the anionic
DNA scaffold to a complex (DOX-Complex), which has cell-
penetrating and nucleus-targeting capabilities.""! A liposomal
membrane modified with a cell-penetrating peptide (CPP,
R6H4) and having the fusogenic lipid composition of
dioleoylphosphatidylethanolamine (DOPE) is coated on the
core complex to obtain the DOX-Duplex-loaded fusogenic
liposomes (DOX-FL), which have an acid-triggered fusogenic
potential with the ATP-loaded liposomes (ATP-L) or endo-
somes/lysosomes (endo-lysosomes).!'"

As illustrated in Figure 1c, after internalization by the
tumor cells, DOX-FL and ATP-L are expected to be localized
in the endo-lysosomes. In these intracellular acidic compart-
ments, the membrane fusion of DOX-FL with ATP-L is
induced due to the pH-sensitive fusogenic potential of DOPE
enhanced by the R6H4 peptide, which leads to the exposure
of DOX-Duplex to co-delivered ATP and subsequently
triggers the release of intercalated DOX. Meanwhile, DOX-
FL also possesses fusogenic activity with the endo-lysosomal
membranes, thereby promoting endo-lysosomal escape and
facilitating the transport of the released DOX to the cytosol,
where it then specifically accumulates in the nuclei to
eventually trigger cytotoxicity and apoptosis. This co-delivery
system provides a new strategy for intracellular ATP-trig-
gered drug release, which can be tuned by the direct delivery
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Figure 1. a) Main components of DOX-FL and ATP-L. DOX-FL has an ATP-
responsive protein—-DNA complex core with DOX and a pH-sensitive CPP-
modified fusogenic liposomal shell. b) Mechanism of ATP-triggered release of
DOX through the structural transformation from the duplex to the aptamer/ATP
complex. ¢) Schematic illustration of ATP-responsive co-delivery of DOX-FL and
ATP-L. |: internalization of DOX-FL and ATP-L in endosomes; Il: pH-responsive
membrane fusion of DOX-L with ATP-L and endo-lysosomes; III: ATP-triggered
DOX release; IV: accumulation of DOX in the cell nucleus. EPC=egg phospha-
tidylcholine, DOPE = 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, Chol = cho-
lesterol, DOTAP =1,2-dioleoyl-3-trimethylammoniumpropane.

of ATP molecules or other relevant metabolic
elements as external regulators.

To validate our assumption, we first developed
the ATP-responsive DNA scaffold by hybridizing
the ATP aptamer and its cDNA, which was used
for DOX loading. The fluorescence intensity of
DOX showed a sequential reduction when DOX
at a fixed concentration was incubated with an
increasing mass ratio of the DNA duplex (Fig-
ure 2a and Figure S1 in the Supporting Informa-
tion), which was attributed to the occurrence of
Forster resonance energy transfer (FRET)
between the DOX molecules intercalating in the
duplex.'% 2°! The trend reached a maximum in
the quenching efficiency at the duplex/DOX mass
ratio of 10:1. To evaluate the ATP-responsive
release of DOX from the duplex, DOX-Duplex
was incubated with different concentrations of
ATP. The release of DOX due to the dissociation
of the duplex in the presence of ATP can be
judged by the recovery of the DOX fluorescence
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signal. DOX-Duplex presented an ATP-concentra-
tion-dependent DOX fluorescence recovery. The
relative DOX fluorescence intensity showed a con-
comitant increase with the ATP concentration (Fig-
ure 2b). In contrast, the R values of DOX-Duplex
had insignificant variation when DOX-Duplex was
incubated with the ATP analogues, including guano-
sine triphosphate (GTP), cytidine triphosphate
(CTP), and uridine triphosphate (UTP).

Next, we mixed DOX-Duplex with protamine at
a mass ratio of 0.7:1 to form a negatively charged
DOX-Complex (Figure S2 in the Supporting Infor-
mation).™ The complex was then added with pos-
itively charged R6H4-modified fusogenic liposome
(R6H4-FL) at a lipid to duplex molar ratio of of 80:1
(Figure S3 in the Supporting Information), followed
by gentle ultrasonication and incubation to achieve
DOX-FL.!™! The DOX fluorescence was also
quenched in the obtained DOX-FL (Figure S4 in
the Supporting Information). The changes in the
particle size and zeta potential during the develop-
ment of DOX-FL indicated the encapsulation of the
liposomal membrane on the complex and the fabri-
cation of DOX-FL (Figure S5 in the Supporting
Information), which had a hydrodynamic diameter of
about 195nm and a zeta potential of +16 mV.
Transmission electron microscope (TEM) images
indicated that the particle size of DOX-FL was
around 180 nm (Figure S6 in the Supporting Infor-
mation). Confocal laser scanning microscope
(CLSM) images of nitrobenzyloxadiazole (NBD)-
labeled DOX-FL showed colocalization of the red
DOX signal with the green NBD signal (Figure S7 in
the Supporting Information). We also prepared ATP-
L with a drug-loading capacity of approximately
16.7% using the freeze-thaw method;!'® the ATP-L
particles had a diameter of about 100 nm (Figure S8
in the Supporting Information) and a zeta potential
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Figure 2. a) Relative DOX fluorescence intensity (R) of DOX-Duplex (0.5 ugmL™") at
different duplex/DOX mass ratios in HEPES buffer (5 mm). b) Relative DOX
fluorescence intensity (R) of DOX-Duplex (0.5 pgmL™") at the duplex/DOX mass
ratio of 10:1 in the presence of different concentrations of ATP, GTP, UTP, and CTP
in HEPES buffer (5 mm) containing 10 mm MgCl, and 100 mm NacCl. Data points
represent mean =SD (n=3). R is denoted as (Iyrp—lo)/(I—1p) x 100%, where [ is the
fluorescence intensity of DOX in solution without the duplex, I\ and I, are the
fluorescence intensities of DOX in DOX-Duplex at the DOX concentration equivalent
to that of the DOX solution in the presence and absence of the NTPs ATP, GTP,
CTP, and UTP, respectively.
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of +3 mV. Compared with ATP-L, DOX-FL showed an
increase in positive surface charges due to a gradual proto-
nation of imidazole groups in R6H4 at lower pH (Figure S9 in
the Supporting Information).

To explore the fusogenic potential between R6H4-FL and
endo-lysosomes, we used anionic liposomes composed of
biomembrane-mimicking lipids to simulate the endo-lyso-
somes, which were double-labeled with a FRET donor—
acceptor pair. Liposome fusion was monitored using a stan-
dard FRET assay."”! R6H4-FL showed higher fusogenic
capabilities at low pH values (Figure 3a). After 1 h incuba-
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(Figure 3b). Accordingly, DOX-FL had an acidity-enhancing
effect on fusion with endo-lysosomes and ATP-L for endo-
lysosomal escape and ATP-responsive DOX release, respec-
tively, which resulted from the fusogenic lipid DOPE and
highly positive surface charge provided by R6H4 in the acidic
endo-lysosomes.
A further investigation of the release of DOX from DOX-
FL in the presence and absence of ATP-L was conducted
using a dialysis tube (Figure 3c). The pH decrease had
a certain contribution to the DOX release even when DOX-
FL was incubated with the blank liposomes (Blank-L)
without ATP, which was due to the higher
solubility of protonated DOX under acidic con-
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Figure 3. a) Fusogenic potential of R6H4-FL with anionic liposomes with an endo-
lysosome-mimicking membrane at different pH values over time. Data points
represent mean =SD (n=2). b) Fusogenic potential of DOX-FL with ATP-L at
different pH values over time. I, and I, are the fluorescence intensities of DOX before
and after incubation for different times, respectively. Data points represent mean
+SD (n=2). ¢, d) In vitro release profiles of DOX from DOX-FL without (c) and with
ATP-L (d) at different pH values. Data points represent mean +SD (n=3).

tion, the fusogenic potential was about 22% at pH 5.5 and
32% at pH 4.5, significantly higher than 12 % at pH 7.4. It was
indicated that higher acidity of the endo-lysosomes promoted
its membrane fusion with R6H4-FL, which resulted in the
escape of the payload from the endo-lysosomes. Moreover,
compared with the R8-modified fusogenic liposome (R8-FL),
R6H4-FL displayed an enhanced pH-buffering capacity from
neutral to acidic conditions (Figure S10 in the Supporting
Information); this is similar to the buffering capacity of other
liposomes with histidine lipids,"'® also known as the proton
sponge effect for endo-lysosomal escape. To further inves-
tigate the fusion between DOX-FL and ATP-L, DOX-FL was
incubated with ATP-L at different pH values. The liposomal
fusion allows the exposure of DOX-Duplex to ATP and
subsequently leads to ATP-triggered DOX release from
DOX-Duplex, which can be estimated by detecting the
recovery of the DOX fluorescence. A remarkable recovery
of DOX fluorescence was observed after DOX-FL incubation
with ATP-L at higher acidities compared to that at neutral pH
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lysosomal marker LysoTracker increased from
29% to 80% (Figure 4b), which was an indicator
for endo-lysosomal entrapment. After 2 h incu-
bation, the excess liposomes were removed and
the cells were then incubated with fresh culture
media for an additional 1, 2, or 4 h. The separation
in the signals of DOX, NBD, and LysoTracker was
observed, determined by the decreased white and
increased individual color pixels (Figure 4a). The colocaliza-
tion ratio of DOX with LysoTracker reduced to 24 % after an
additional 4 h of incubation (Figure 4b), which suggested the
efficient endo-lysosomal escape of DOX due to the mem-
brane fusion between DOX-FL and endo-lysosomes along
with the proton sponge effect of DOX-FL. In addition, the
colocalization ratio of DOX with NBD decreased from 88 %
to 18 %, and the co-delivery of DOX-FL with ATP-L showed
the increased release of DOX in the cells compared with that
of DOX-FL with Blank-L (Figure 3¢), indicating that a sig-
nificant part of DOX-FL fused with ATP-L and activated the
ATP-mediated release of the encapsulated DOX in the cells.
Furthermore, the released DOX was clearly visualized in the
nuclei after an additional 2 h of incubation, and increased
considerably as the incubation time extended to 4 h (Fig-
ure 4a), which implied the efficient nucleus-targeting of the
released DOX.

The in vitro cytotoxicity of co-delivery of DOX-FL with
ATP-L against MCF-7 cells was estimated using the 3-(4,5-
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Figure 4. a) CLSM images of MCF-7 cells after incubation with DOX-
FL and NBD-ATP-L for different times. The cells were incubated with

a mixture of DOX-FL and NBD-ATP-L for 2 h, and subsequently
incubated with fresh culture medium for an additional 1, 2, or 4 h after
removal of the excess liposomes. Late endosomes and lysosomes
were stained by LysoTracker Blue. Red: DOX; green: NBD; blue: endo-
lysosomes; yellow: colocalization of red and green pixels; magenta:
colocalization of red and blue pixels; white: colocalization of red,
green, and blue pixels. Scale bars are 10 um. b) Time-dependent
changes in colocalization ratios between DOX and NBD or endo-
lysosomes. Data points represent mean £SD (n=>5). c) The release of
DOX from DOX-FL co-delivered with ATP-L or Blank-L in MCF-7 cells
obtained using flow cytometry. The DOX release ratio is determined by
comparing the fluorescence intensity of DOX after 2 h of incubation
and that after an additional 0.5, 1, 2 or 4 h of incubation. Data points
represent mean £SD (n=2). *P<0.05, **P<0.01. d) In vitro cytotox-
icity of co-delivery of DOX-FL and ATP-L toward MCF-7 cells. Data
points represent mean +SD (n=6). **P<0.01.

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Figure 4d). The half-maximal inhibitory con-
centration (ICsy) of DOX-FL co-delivered with ATP-L was
calculated to be 1.5 uygmL~' with MCF-7 cells, noticeably
lower than the value of 2.6 ygmL ™" of DOX-FL alone. The
blank R6H4-FL without DOX, ATP-L, and their mixture did
not show significant toxicities at the tested range of concen-
trations (Figure S12 in the Supporting Information). Collec-
tively, the intracellular release of DOX from DOX-FL
enhanced by ATP-L supported higher cytotoxic efficacy
toward the cancer cells.

We then applied a model (MCF-7 cancer xenograft nude
mice) to evaluate the retention capacities of the liposome-
based co-delivery system in tumor tissue. The signal of DOX
delivered by DOX-FL in the frozen tumor sections was
prominently higher than that of the DOX solution, which
could still be observed even at 72 h post-injection (Figure S13
in the Supporting Information). In contrast, the relevant
signal from samples associated with the DOX solution almost
disappeared at 48h post-injection. It was validated that
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DOX-FL extended the tumor residence of the DOX molecule
partially due to enhanced tumor penetration and cellular
uptake upon R6H4 modification on the liposomal surface,
while the DOX solution was subject to a more rapid clearance
from the tumor tissue. In addition, C6-loaded liposomes with
the same lipid composition as ATP-L maintained the C6
signals at the tumor site for more than 48 h.

Next, the in vivo antitumor efficacy of the co-delivery
system was investigated. After intratumoral injection, differ-
ent DOX formulations significantly inhibited the tumor
growth of the mice relative to that of mice injected with
saline (Figure 5). DOX-FL with and without ATP-L both
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Figure 5. a) Tumor growth curves of the tumor-bearing mice after
intratumoral injection with different DOX formulations. b) Representa-
tive images of the tumors collected from the mice at Day 17 (from top
to bottom: saline, DOX, DOX-FL, DOX-FL with ATP-L). c) Weights of
the tumors collected from the mice at Day 17. Data points represent
mean £SD (n=5). *P<0.05, **P<0.01.

showed remarkably higher inhibition effects toward tumor
growth than the DOX solution, which was due to the
enhanced tumor retention capabilities of DOX-FL decorated
with R6H4. Of note, DOX-FL co-delivered with ATP-L
showed a noticeable difference in tumor-size inhibition
compared to that of DOX-FL alone, indicating that the
extrinsic ATP played an effective role in the DOX release.
Meanwhile, no significant change in the body weight of the
mice was found during the treatment (Figure S14 in the
Supporting Information). Additionally, the histologic images
stained by the hematoxylin and eosin (HE) exhibited
a massive cancer cell remission in the tumor tissue of the
mice receiving DOX-FL with ATP-L (Figure S15, Supporting
Information). Furthermore, the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) imaging assay
showed the highest level of apoptotic DNA fragmentation
stained by the AlexaFluor 488 (green) (Figure S16 in the
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Supporting Information). Besides intratumoral injection,
passively targeting-based co-delivery of DOX-FL with ATP-
L by intravenous administration also showed promising
tumor growth inhibition effects compared with that of the
DOX solution and DOX-FL (Figure S17 in the Supporting
Information).

In summary, we have developed an ATP-responsive drug-
delivery system consisting of a protein-DNA core and a CPP-
modified fusogenic liposomal shell, which presents drug-
release behaviors associated with the surrounding ATP levels.
Direct delivery of liposomal ATP promoted the release of
drug from the liposome mediated by the pH-sensitive lip-
osomal fusion in the intracellular acidic compartments, which
showed an enhanced therapeutic efficacy in cancer therapy.!'”)
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