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In addition to their classical role in ATP generation, mitochondria also contribute to Ca®* buffering, free
radical production, and initiation of programmed cell death. Mitochondrial dysfunction has been linked
to several leading causes of morbidity and mortality worldwide including neurodegenerative, metabolic,
and cardiovascular diseases as well as several cancer subtypes. Thus, there is growing interest in
developing drug-delivery vehicles capable of shuttling therapeutics directly to the mitochondria. Here,
we functionalized the conventional 10,12-pentacosadiynoic  acid/1,2-dimyristoyl-sn-glycero-3-
phosphocholine (PCDA/DMPC)-based liposome with a mitochondria-targeting triphenylphosphonium
(TPP) cationic group. A fluorescent dansyl dye (DAN) group was also included for tracking mitochondrial
drug uptake. The resultant PCDA-TPP and PCDA-DAN conjugates were incorporated into a 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC)-based lipid bilayer, and these modified liposomes
(Lip-DT) were studied for their cellular toxicity, mitochondrial targeting ability, and efficacy in delivering
the drug Doxorubicin (Dox) to human colorectal carcinoma (HCT116) and human breast (MCF7) cancer
cells in vitro. This Lip-DT-Dox exhibited the ability to shuttle the encapsulated drug to the mitochondria
of cancer cells and triggered oxidative stress, mitochondrial dysfunction, and apoptosis. The ability of
Lip-DT-Dox to trigger cellular toxicity in both HCT116 and MCF7 cancer cells was comparable to the
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DOI: 10.1039/d3cb00219e known cell-killing actions of the unencapsulated drug (Dox). The findings in this study reveal a promising
approach where conventional liposome-based drug delivery systems can be rendered mitochondria-

rsc.li/rsc-chembio specific by incorporating well-known mitochondriotropic moieties onto the surface of the liposome.

Introduction

Cancer is one of the most complex and challenging diseases
and represents the second leading cause of the global morbid-
ity and mortality."”> Cancer chemotherapeutics are frequently
employed for cancer therapy to decrease tumor burden and
prevent the metastasis of malignant cells.>* Despite of signifi-
cant advances in cancer treatment, there is still demand for
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new improved, and effective therapies lacking adverse side
effects. Poor solubility, poor in vivo stability, inferior cell
penetration and low specificity towards targeted cancer cells,
and undesirable side effects often restrict the efficacy of con-
ventional chemotherapy treatment. In this context, one of the
promising approaches is the employment of effective drug
delivery vehicles, such as nanoparticles®® liposomes,” and
micelles,® which can improve the pharmacokinetics and bio-
distribution of anticancer drugs, leading to better therapeutic
outcomes. Such drug delivery vehicles can also be engineered
for specific cancer cell types or tumor microenvironments,
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permitting more precise and effective drug delivery and
decreasing unwanted side effects.” ™"

Design and development of an effective drug delivery system,
capable of encapsulating hydrophilic and hydrophobic drugs
has proven challenging due to their variable affinities towards
the carrier molecule. To address this issue, amphiphilic mole-
cules containing several functional groups, each with differing
affinity towards hydrophilic and hydrophobic drugs, have been
developed. However, the application of these drug delivery
systems has been limited by several factors, such as lower
encapsulation efficiency, drug leakage, carrier stability issues,
and burst release of loaded drug molecules. Nano-drug delivery
systems (NDDS) have proven superior and allowed for efficient
chemotherapeutic drug encapsulation, improved tumor micro-
environment response, and target-specific drug release.

NDDS approved for clinical use include micelles (Genexol-
PM®), nanoparticles (Abraxene®) and liposomes (Doxil®,
Lipusu®).’* Among these NDDS, liposomes are favoured owing
to their biocompatibility and biodegradability."*"** However, con-
ventional liposomes have certain drawbacks, such as structural
instability, oxidation, premature drug release, and hydrolysis,
which limits their applicability for drug delivery.">'*> Liposome
polymerization can overcome some of these issues, and, in parti-
cular, polymerized polydiacetylene (PDA) based liposomes are
biocompatible, display low cytotoxicity, and exhibit improved sta-
bility over unpolymerized liposomes."® Most importantly, diacety-
lene monomers have a carboxylic acid as a functional head group,
which opens up the possibility of functionalization with various
receptors, antibodies, ligands to make this system target-specific."”

We have known for over a century that cancer cells are
heavily reliant on mitochondria to fuel rapid cell growth and
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division with the shift in metabolic strategy exhibited by many
malignant cells nicknamed the “Warburg effect””.'® Notably, in
addition to their role in oxidative phosphorylation, mitochon-
dria are critical mediators of programmed cell death and
translocation of cytochrome ¢ from the mitochondrial inner
membrane into the cytosol activates key executioners of apop-
tosis (i.e., caspases).'>* Thus, while disruption of mitochon-
drial energy production may slow tumour growth, recruitment
of the intrinsic mitochondrial apoptosis pathway also repre-
sents a strategy to kill malignant cells.>>>* Current strategies to
develop mitochondrial-targeted drug delivery systems (MTDDS)
depend on two key mitochondrial characteristics: (i) the high
membrane potential across the inner mitochondria membrane
(A¥,,) and (ii) the protein import machinery present within the
organelle.”® The high AY,, characteristic of mitochondria
strongly attracts lipophilic cations through electrostatic inter-
actions allowing for their accumulation in the mitochondrial
matrix. Notably, cancer cells exhibit an elevated mitochondrial
membrane potential compared to non-malignant cells raising
the possibility that mitochondrial drug delivery might be
particularly facile in cancer cells.”®*”

Delocalized lipophilic cations (DLCs) with positive charge
have large hydrophobic surface areas, which make them perme-
able through the negatively charged mitochondrial membranes.**
The lipophilic nature of DLCs permit their easy penetration
through the membrane bilayers, and their permanent cationic
charge eventually leads to their accumulation inside the mito-
chondrial matrix.*® Most DLCs are tailored with two common
structural features necessary for mitochondrial accumulation: (i)
amphiphilicity provided by a charged hydrophilic centre with a
hydrophobic core and (ii) delocalized positive-charge density.>®
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Scheme 1 The synthetic methodology adopted for the synthesis of the dansyl (DAN) and triphenylphonium (TPP) conjugates of PCDA.
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DLCs examples include Rhodamine123 (Rh123), dequali-
niumchloride (DQA) and methyltriphenylphosphonium (TPP).
TPP has a single positive charge, which is stabilized by the
resonance over three phenyl rings.**3° S. Biswas et al. reported
a mitochondria-targeting drug delivery system (TPP-PEG-PE), in
which polyethylene glycol-phosphatidylethanolamine (PEG-PE)
was conjugated with TPP at the distal end of the PEG block. This
TPP-PEG-PE conjugate was incorporated into a liposomal lipid
bilayer to produce TPP-PEG-PE modified liposomes (TPP-PE-L).
TPP-PEG-L showed lower cytotoxicity compared with the liposome
modified with stearyl triphenylphosphonium (STTP) (STPP-L or
PEGylated STPP-L) and was proven to be an effective tool for
targeting mitochondria in HeLa cancer cells.” It also enhanced the
cytotoxicity and anti-tumor efficacy of Paclitaxel (PTX) in both
in vitro and in vivo models. On the other hand, PTX encapsulated
bare liposome without any chemical modification failed to exhibit
site-specific drug delivery.

On major limitation to prior studies is the inference of
enhanced cellular uptake and release of the desired drug
molecule in cancer cells due to improved cell adhesion of the
delivery vehicle. However, it was not possible to monitor drug
delivery and release in real time precluding determination
of when, where, and how the encapsulated drug is delivered.
We hypothesized that coupling of an organic fluorophore
to a site-specific drug delivery system would allow us to monitor
the cellular uptake and release of a drug at the subcellular
level 373

In this report, we describe the development of a stable,
nontoxic, mitochondrial specific and efficient drug-delivery
system for chemotherapeutic drugs that allows for imaging of
drug release in real time. We functionalized 10,12-
pentacosadiynoic acid (PCDA) with a mitochondria targeting
triphenylphosphonium (TPP) cationic group and a fluorescent
dye dansyl (DAN) group. The TPP/DAN functionalized PCDA
was incorporated into the 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) phospholipid to generate the functio-
nalized PCDA/DMPC-based liposome (Lip-DT). Here we
describe the ability of Lip-DT to convey the chemotherapeutic
agent doxorubicin (Dox) into the mitochondria of cancer cells
and trigger apoptosis.
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Results and discussion

Herein, we have developed a PDA based, mitochondria-specific
fluorescent drug delivery platform. As outlined in Scheme 1, we
reacted the PCDA (1) monomer with N-hydroxy succinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) followed by ethylene diamine to synthesize the PCDA-
ethylene diamine conjugate (3). We further functionalized this
conjugate with a mitochondriotropic unit, (4-carboxybutyl)
triphenyl phosphoniumbromide, (4) using HBTU and DIPEA
as coupling reagents to obtain a triphenylphosphonium PCDA-
ethylenediamine conjugate (PCDA-TPP) (7). Similarly, to moni-
tor the cellular uptake and drug release, 3 is functionalized with
a fluorophore, dansyl chloride, (5) to give the PCDA-ethylene-
diamine-dansyl conjugate (PCDA-DAN) (6). We have character-
ized all the synthesized compounds using standard analytical
techniques such as '"H NMR, *C NMR, ESI-Mass spectroscopy
and *'P NMR (Fig. S1-S9, ESI?).

Our next aim is the employment of PCDA-TPP and PCDA-
DAN in the formulation of a stable liposomes through the co-
assembly with the phospholipid DMPC. Morphology, size, and
charge of the liposomes can significantly affect their drug
delivery performance including circulation time and cellular
uptake. To generate liposomes with the desired morphology,
size, charge, stability and drug encapsulation efficiency,
preparation of the PDA and DMPC based liposome with an
optimized ratio of PDA to phospholipid and appropriate for-
mulation parameters is crucial.*® Using thin-film hydration
followed by extrusion, the most common method of liposome
generation,® we successfully prepared liposomes containing
PCDA-TPP, PCDA-DAN and DMPC through co-assembly in 1X
PBS buffer medium (pH = 7.4). PCDA-TPP, PCDA-DAN and
DMPC were individually dissolved in chloroform, then blended
at 4:4:1 ratio (PCDA-TPP : PCDA-DAN : DMPC). The total lipid
concentration of the prepared liposome (Lip-DT) is 1 mM. The
schematic representation of the formation of Lip-DT liposome
is shown in Scheme 2. A more detailed synthesis protocol is
provided in the materials and methods section.

The morphology of these newly prepared liposomes was
confirmed by high-resolution scanning electron microscopy
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Scheme 2 Schematic representation of the formation of PCDA-DAN, PCDA-TPP and DMPC-based liposome (Lip-DT) via co-assembly.
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Fig. 1 (A), (B) HR-SEM and (C), (D) HR-TEM images of the Lip-DT. (E) Size
distribution of Lip-DT obtained from HR-TEM micrographs. (F) Zeta
potential analysis of Lip-DT vesicles obtained from DLS measurement.

(HR-SEM) (Fig. 1(A) and (B)) and high-resolution transmission
electron microscopy (HR-TEM) (Fig. 1(C) and (D)) analysis. The
average size of the Lip-DT vesicles obtained from HR-TEM
micrographs (Fig. 1(E)) is ~225.47 4+ 4.5 nm, which is in well
agreement with the average size (~235.2 = 5.7 nm) obtained
from dynamic light scattering (DLS) (Fig. S10, ESIf). The
effective surface charge or the zeta potential value of this
liposome was found to be 4.3 + 1.6 mV (Fig. 1(F)). Literature
reports show that liposomes, with average size ranging from
50-100 nm exhibit minimal interaction with plasma proteins
and have a prolonged lifespan in the bloodstream. In contrast,
liposomes with a diameter up to 400 nm effectively penetrate
and accumulate in tumor tissues.*® Our results suggest that the
liposomes are well dispersed and within the appropriate size
range for penetration into tumor cells with enhanced perme-
ability and retention (EPR).*”

To investigate the impact of functionalization of PCDA with
mitochondriotropic (TPP) and fluorophore (dansyl) groups on

RSC Chemical Biology

the average size and charge of newly prepared liposome
(Lip-DT), we compared to Lip-DT with conventional PCDA/
DMPC-based liposome without any functionalization. DLS
and zeta potential analysis displayed that the average size
and charge of the PCDA/DMPC-based liposome (without func-
tionalization) were found to be 379.2 £+ 6.5 nm and —14.5 +
2.6 mV (Fig. S11, ESI}) respectively. Interestingly, it was
observed that the average size of the Lip-DT is lower compared
to conventional PCDA/DMPC-based liposome. This is most
probably due to the effective n—r stacking interactions between
the aromatic moieties of the dansyl and TPP groups during
vesicle formation leading to the formation of a more compact
liposome (Lip-DT) with smaller size.*® Furthermore, the effec-
tive positive surface charge of Lip-DT clearly indicates its
cationic nature due to the presence of triphenyl phosphonium
ion (TPP). More importantly, functionalization by TPP group
enhances the lipophilicity as well as tunes the potential surface
charge of the liposome. These results clearly showed that the
functionalization of the PCDA with TPP and dansyl groups
significantly influences the characteristic properties of the
liposome including the size, shape, and effective charge, which
play a crucial role in the drug delivery process.

The optical properties of the Lip-DT were analysed using UV-
Vis and a fluorescence spectrophotometer. First, we checked
the photoinduced polymerization of the prepared liposome
(Lip-DT) by irradiating the solution with 254 nm UV light for
5 min. After the UV irradiation process the color of the Lip-DT
was changed from colorless to a violet color (Fig. 2(A) and (B)).
This visible color change of the Lip-DT solution upon UV
irradiation clearly indicates the successful polymerization with
the formation of a stable n-conjugated PDA backbone. We then
recorded the UV-Vis absorbance spectra of the PCDA-TPP,
PCDA-DAN in PBS buffer medium (pH 7.4). UV-Vis absorption
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Fig. 2 Photographs of the Lip-DT solution (A) before and (B) after UV irradiation (2 = 254 nm). (C) UV-Vis absorption and (D) Steady state emission
spectrum of PCDA-TPP, PCDA-DAN, Lip-DT after UV irradiation (4 = 254 nm) in PBS buffer medium (pH 7.4). (E) and (F) Fluorescence microscopic images
of Lip-DT vesicles. (G) Photograph showing the fluorescence color of the Lip-DT solution upon irradiation with 365 nm light.
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Fig. 3 (A) Schematic representation of the encapsulation of Doxorubicin
(Dox) into Lip-DT vesicles via co-assembly. (B) and (C) Fluorescence
microscopy image of the Doxorubicin (Dox)-encapsulated Lip-DT.

spectrum of PCDA-TPP displayed two absorption peaks at 271
and 303 nm (Fig. 2(C)). The absorbance band at 303 nm can be
attributed to intermolecular charge transfer (ICT) band,
whereas the shorter wavelength absorption peak at 271 nm is
associated with the high energy n-n*electronic transition.
Similarly, the absorption spectrum of the PCDA-DAN exhibited
two absorption peaks: one at 280 nm, preliminary ascribed to
the m—m* transition, and the second one is the characteristic
ICT band at 390 nm.*® We also recorded the UV-Vis absorption
spectrum of liposomes (Lip-DT) containing both PCDA-DAN
and PCDA-TPP before and after UV irradiation at 254 nm. The
absorption spectrum of the liposome after UV irradiation
displayed a characteristic absorption peak at 630 nm along
with a shoulder peak at 540 nm (Fig. 2(C)). The absorption
maxima at 630 nm corresponds to the n-n* electronic transi-
tion of the m-conjugated PDA backbone, which indicates poly-
merization of the Lip-DT with a stable ene-yne-conjugated
backbone.'® On the other hand, the UV-Vis absorption spectra
of Lip-DT without UV irradiation (without polymerization) did
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not exhibit the characteristic absorption band associated with
n-m* transition of the polymerized n-conjugated PDA backbone
(Fig. 2(B)). We then recorded the steady sate fluorescence
spectra of PCDA-TPP, PCDA-DAN and Lip-DT in PBS buffer
medium (pH 7.4).

The steady-state fluorescence spectrum of the PCDA-TPP
and PCDA-DAN displayed the characteristic emission maxi-
mum at 373 nm (Agx = 303 nm) and 505 nm (g = 390 nm),
respectively (Fig. 2(D)). In contrast, the emission spectra of Lip-
DT (after UV irradiation) exhibited an emission maximum at
515 nm along with two shoulder bands at 496 nm and 541 nm
(Fig. 2(D)). The emission maximum at 515 nm (/gx = 300 nm) is
due to presence of the dansyl moiety in the liposome backbone
and the two shoulder bands at 496 and 541 nm may be
attributed to the ene-yne-conjugated polymeric backbone of
the Lip-DT vesicles.*® However, any significant or characteristic
emission at 630 nm was not observed for the Lip-DT (after UV
irradiation or polymerization). The intrinsic fluorescent proper-
ties of the Lip-DT comprised with the dansyl fluorophore was
further examined using fluorescence microscopy. Fig. 2(E) and
(F) clearly shows the characteristic green fluorescence signal
due to the presence of dansyl group in the liposome (Lip-DT).
We have also checked the fluorescence color of the Lip-DT
solution upon irradiation with 365 nm light. Fig. 2(G) clearly
displays the characteristic green fluorescence of the Lip-DT
solution due to the presence of the dansyl moiety, which also
confirms the formation of the stable liposome with intrinsic
fluorescent properties required for imaging as well as real-time
monitoring of drug release.

To determine the potential utility of this mitochondriotropic
unit and fluorophore functionalized liposome (Lip-DT) as a
mitochondria-targeting drug delivery vehicle, we have incorpo-
rated the anticancer drug doxorubicin (Dox) during the co-
assembly process (Fig. 3(A)). Liposomes have been identified as
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(A) The size distribution change of Lip-DT vesicles after Doxorubicin (Dox) incorporation. HR-TEM images show the changes of the vesicle

morphology of Lip-DT-Dox (B) before and (C) after the burst release of encapsulated Dox. (D) Schematic representation of burst release of the
encapsulated Dox, and (E) The plot of % of drug release from Lip-DT-Dox with time (Amon 590 NnmM, Agy 490 nm).
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promising drug delivery platforms for developing clinical nano-
medicines such as Doxil™/Caelyx, a liposomal Dox preparation.*'
As liposomes are unable to penetrate through the tight junctions
present in the heart’s vasculature, this design successfully
address the dose-limiting and occasionally life-threatening car-
diotoxicity associated with Dox exposure.*" Although Doxil exhib-
ited enhanced cardiac safety, still this provide few side effects
such as myelosuppression, alopecia, and nausea/vomiting com-
pared to the unencapsulated Dox.*"*> The polyethylene glycol
coating present in Doxil™ also causes preferential accumulation
in the skin, leading to palmar plantar erythrodysesthesia (PPE)
in 50% of patients.*” Therefore, still there is a need for an
efficient drug delivery system that can allow site specific delivery
of Dox without causing any adverse side effects. In this regard,
we have incorporated the Dox into the liposome during the thin
film rehydration process, which formed Lip-DT-Dox, where the
drug molecules are encapsulated within the Lip-DT liposome.
Fluorescence microscopic analysis clearly confirms the success-
ful encapsulation of fluorescent Dox molecules into the vesicle
structures (Fig. 3(B) and (C)).

The average size of the Lip-DT-Dox vesicles obtained from
HR-TEM micrographs (Fig. 4(A) and (B)) is ~310.83 + 4.9 nm,
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Fig. 5 Cytotoxicity and incorporation of the Lip-DT compound in cell.
The MTT assay was used to measure the cellular toxicity following
incubation with Lip-DT or Lip-DT-Dox (1 uM) at 36 h (A) The survival of
human embryonic kidney HEK293 cells (B) Cytotoxicity of cancer cell
MCF7. All results are presented as means + S.E. of multiple experiments
(h=9,*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to
control group).
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higher than Lip-DT without Dox. This increase (~ 85 nm) in the
average size of the Lip-DT-Dox clearly suggests the successful
incorporation of the Dox molecules within the liposome. The
calculated encapsulation efficiency (EE%) of the Lip-DT was
found to be 66.09%. The in vitro drug release profile of Dox
from Lip-DT-Dox was then evaluated, which was obtained by
monitoring the fluorescence intensity overtime, as described in
our earlier work.”® The florescence intensity of the PBS buffer
solution outside of the dialysis bag showed a gradual increase
over time due to the release of the encapsulated Dox molecule
from the Lip-DT-Dox (Fig. 4(D) and (E)). The fluorescence
intensity of the buffer solution outside the dialysis bag steadily
increased up to 17 h and after that there was no significant
increase in the emission intensity for the next 7 h (up to 24 h).
This plateau suggests that the drug release process was com-
pleted, and equilibrium was achieved. To investigate the
mechanism behind the burst release of the encapsulated Dox
from Lip-DT-Dox, we compared the morphological variation of
the vesicles before and after completion the drug release
process. For this purpose, we have recorded the TEM images
of the Lip-DT-Dox before (T = 0 h) and after the drug release
process (T = 24 h). These TEM micrographs clearly displayed
the rupture and breakage of the liposome vesicles (Fig. 4(C)).
This result clearly indicates the Lip-DT-Dox underwent burst
release, resulting in the gradual release of the encapsulated Dox
(Fig. 4(C)-(E)). The salts present in the buffer medium are
believed to play a vital role in triggering the burst release of
encapsulated drug molecules from liposomes by modulating
osmotic pressure and facilitating interactions with the encap-
sulated drug molecules.** Though DLCs like triphenylphono-
nium (TPP) cations are considered ideal mitochondriotropic
agents due to their lipophilicity and stable delocalized positive
charge,”® direct functionalization of drug molecules with TPP
may significantly reduce the potency of the drug molecule.*
Instead, we functionalized the drug-encapsulating liposomes
with TPP to preclude loss of drug potency.”” To confirm the
utility of this Lip-DT-Dox as a mitochondria-targeting drug
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Fig. 6 Lip-DT encapsulated Dox (Lip-DT-Dox) promotes apoptotic cell
death. (A) Cellular toxicity of cancer cells (HCT116 and MCF7) after
incubation with Dox or Lip-DT-Dox (1 uM) at 36 h as measured by MTT
assay. (B) Apoptosis was considered as the rise in fold change in enrich-
ment factor by formation of the cytoplasmic histones associated DNA
fragments. Data are shown as means + S.E. of multiple experiments (n = 4,
*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with
control group and Dox, and Lip-DT-Dox).

RSC Chem. Biol., 2024, 5, 236-248 | 241



RSC Chemical Biology

e
o s,
o oy

Apoptosis

Fig. 7 Schematic outlining apoptotic signalling cascades activated by Dox
and Lip-DT-Dox in cancer cells.

delivery vehicle, we first checked the cellular toxicity in both
human embryonic kidney HEK293 (Fig. 5(A)) cells and the
human cardiomyocyte cell line AC-16 (Fig. S12A, ESIt). There
was no significant toxicity found for Lip-DT with up to 50 pM
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concentration and Lip-DT-Dox at 25 pM concentration.
However, Lip-DT-Dox demonstrated increased cytotoxicity in
glycolytic cancer cells MCF7 (Fig. 5(B)), HCT116 (Fig. S12B,
ESIt), and triple negative breast cancer cells MDAMB231
(Fig. S12C, ESIT) from concentrations as low as 2.5 uM. Impor-
tantly, in all cell lines tested the cytotoxic concentrations
of the Lip-DT alone were at least 10-fold higher than for the
encapsulated drug.

Next, the bioactivity of Lip-DT-Dox was measured. The
ability of Lip-DT-Dox to trigger cellular toxicity (Fig. 6(A)) and
apoptosis (Fig. 6(B)) in both HCT116 and MCF?7 cancer cells was
comparable to the chemotherapeutic drug doxorubicin. These
data collectively demonstrate that the ability of Dox to kill the
cancer cells is not lost when Lip-DT encapsulates Dox, shuttles
Dox into cells, and releases the drug. Dox-dependent cytotoxi-
city results from DNA intercalation and damage initiating the
DNA damage signalling cascade that begins with phosphoryla-
tion of histone H2AX (yH2AX) at the site of double-strand
breaks and leads to recruitment of ATM, which can either
facilitate DNA repair or trigger cell death via up-regulation of
proteins such as p38, p53 and p65 (Fig. 8(A)).*® p53 interacts
with PUMA which ultimately neutralizes anti-apoptotic protein
Bcl-2, or p53 can directly interact with pro-apoptotic Bax.
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Fig. 8 Lip-DT-Dox triggers the DNA damage response in MCF7 cancer cells. (A) Expression of various apoptosis-related proteins was documented in
MCEF7 cells treated with Lip-DT or Lip-DT-Dox. For all the western blots B-actin was used as a loading control. (B) Loss of mitochondrial membrane
potential (A¥ ) was analysed in control cells or those treated with Dox, Lip-DT o Lip-DT-Dox. (C) Generation of ROS in HCT116 and MCF7 cancer cells
induced by Dox and Lip-DT-Dox in the presence or absence of glutathione donor N-acetyl cysteine (NAC). CM-H2DCFDA was used to measure the ROS
generation by fluorescence at 24 h. All results are expressed as means &+ S.E. (n = 4, *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to

control group).
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Pearson correlation coefficient between Lip-DT and MitoTracker™
**p < 0.01).

Bcl-2 family pro-apoptotic proteins, such as Bax, function at
the mitochondrial membrane to facilitate permeabilization and
the subsequent release of cytochrome ¢ and ROS initiating the
apoptosis cascade, actions counterbalanced by Bcl-2 action
(Fig. 7). Although Lip-DT alone exhibited minimal impact on
components of the DNA damage response, Dox and Lip-DT-Dox
resulted in a comparable increase in YH2AX, p53, p65, and the
Bax/Bcl-2 ratio within MCF7 cancer cells (Fig. 8(A)). We
observed that the treatment of Dox and Lip-DT-Dox, but not
Lip-DT alone, in the cells decreases mitochondrial membrane
potential (A¥?,,) leading to opening of the mitochondrial per-
meability transition pore (Fig. 8(B)).

The increase in intracellular reactive oxygen species (ROS)
(Fig. 8(C)) as well as increase immunoreactivity for markers of
lipid peroxidation malondialdehyde (MDA) and 4-hydroxynonenal
(4HNE) (Fig. 8(A)) in cells treated with either Dox or Lip-DT-Dox
also results from mitochondrial dysfunction and indicates cellular
oxidative damage. MDA and 4HNE can also suppress Bcl-2 or
trigger autophagy by increasing LC3 (Fig. 8(A)), which interacts
with the ubiquitin-binding protein p62, facilitates the clearance of
polyubiquitinated protein aggregates, and triggers apoptosis by
activating caspase-8, a process recruited to a similar extent in
cells treated with either Dox or Lip-DT-Dox. The ability of Dox
and our encapsulated drug to facilitate death of cancer cells
thus relies both on initiation of the pro-apoptotic DNA damage
signalling cascade, mitochondrial dysfunction and a breakdown
in cellular energy production, oxidative damage, and suppression
of intracellular mechanisms (e.g, autophagy) designed to clear
damaged proteins and organelles. Our data demonstrating that
Dox or Lip-DT-Dox modulate these processes to a similar degree
confirms that Dox is released into the cell from the liposomal
NDDS and that incorporation of Dox into this system fails to
impact drug potency.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To investigate the cellular uptake and intracellular distribu-
tion of Lip-DT, MCF7 cells were incubated with the dansyl
fluorophore attached Lip-DT liposome. The compound Lip-DT
can be detected by green fluorescence following rapid uptake
into MCF?7 cells (Fig. 9(A)). Cells were treated with 100 nM of
Lip-DT for a period of 2 h with MitoTracker™ (red fluorescence)
used as a marker of mitochondria. Colocalization of both
signals indicates delivery of the Lip-DT molecule to the mito-
chondria (Fig. 9(A)). Lip-DT-Dox also co-localizes with Lip-DT in
MCF7 cell (Fig. 9(B)) suggesting that Lip-DT is capable of
directing Dox to the mitochondria, a function likely attributed
to the lipophilicity and delocalized positive charge of Lip-DT
that results in a strong negative electric potential and mito-
chondrial membrane partitioning ability.*”

Conclusions

In summary, we have described the design, synthesis,
and functionalization of the conventional PCDA/DMPC based
liposome into a mitochondria-targeting drug delivery system.
The mitochondria targeting ability was achieved by the con-
jugation of Triphenylphosphonium (TPP) ligand on the surface
of liposomes. The ability of the Lip-DT to target the mitochon-
dria was successfully demonstrated in MCF7 cancer cell lines
using co-localization study with MitoTracker™ red. The visible
green fluorescence of the dansyl (DAN) group present in the
Lip-DT allowed monitoring the cellular uptake and the
presence of Lip-DT inside the mitochondria. Lip-DT-Dox dis-
played similar activity to unencapsulated Dox but without
impacting or causing any adverse effect to the normal human
embryonic kidney (HEK293) and cardiomyocytes (AC-16) cell
lines, representing the biocompatibility of this drug delivery
system. Notably, mitochondria-mediated apoptosis of the
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cancer cell (HCT116 and MCF7) was initiated to a similar
degree by both unencapsulated Dox and Lip-DT-Dox. Based
on these results, we believe this strategy is desirable and would
provide a promising platform to develop mitochondria-targeted
drug delivery systems.

Materials and methods

All the chemicals and solvents are commercially available and
were used as received. 10,12-Pentacosadiynoic acid (PCDA),
2/,7'-dichlorofluorescin diacetate (CM-H,DCFDA), dimethyl
sulfoxide (DMSO), (4-carboxybutyl)triphenylphosphonium bro-
mide, and 2-(1A-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate were purchased from Sigma Aldrich (St.
Louis, MO, USA. Dansyl chloride and 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) purchased from Tokyo
Chemical Industry Co. Ltd. Ethyl-3-(3-dimethylaminopropyl)

was

EE

Actual concentration of the drug incorporated in liposome

Paper

mixture in chloroform at the concentration of 3 x 10~> M and
the liposome (Lip-DT-Dox) was prepared following the above-
mentioned procedure. The non-incorporated Dox was removed
by centrifugation of Lip-DT-Dox at 14000 rpm for 15 min,
which precipitated the Dox incorporated Lip-DT-Dox.

Structural characterization of the Lip-DT and PCDA/DMPC-
based liposomes

The vesicle morphology of the Lip-DT was characterized with a
HR-SEM (Thermo scientific Apreo S) operating at 15.00 kV and
HR-TEM (JEOL-JEM-2100 Plus) operating at 200 kV. For HR-
SEM analysis 20 pL of the Lip-DT was drop casted on a clean
glass coverslip and dried at RT. For HR-TEM analysis a 10 pL
drop of a Lip-DT was placed on a 200-mesh copper grid and
covered by carbon-stabilized Formvar® film. After 1 min, excess
fluid was removed from the grid. The morphology and fluor-
escent nature of the vesicles were visualized using a Leica DM6
Fluorescent Microscope with Cryostat. Dynamic

~ Concentration of the theory amount of drug loaded in liposome

Emission intensity of the drug incorporated in liposome

x 100% (1)

EE

EE

~ Emission intensity of the theory amount of drug loaded in liposome

_ Emission intensity of the theory amount of drug loaded-Emission intensity of the drug not incorporated

x 100% (2)

% 100%  (3)

Emission intensity of the theory amount of drug loaded in liposome

carbodiimide (EDC), N-hydroxysuccinimide (NHS), triethyla-
mine (TEA), N,N-diisopropylethylamine (DIPEA) and phosphate
buffer saline (PBS) were purchased from Sisco Research Labora-
tories (SRL) Pvt. Ltd, India. Dulbecco’s Modified Eagle Medium
(DMEM) and Trypsin EDTA 0.05% were procured from Thermo
Fisher Scientific (Waltham, MA, USA). MitoTracker Red was
obtained from Invitrogen (Carlsbad, CA, USA). Fetal bovine
serum (FBS) was purchased from Himedia (Mumbai, India).
Other standard laboratory chemicals and reagents were pur-
chased from Sisco Research Laboratories (SRL) Pvt. Ltd, India.

Preparation of Lip-DT and PCDA/DMPC based Liposomes

Chloroform solutions of the PCDA-DAN, PCDA-TPP and DMPC
were prepared separately in amber vials and then mixed at a
certain molar ratio (4:4:1) to give a total lipid concentration of
1.0 mM. The mixture of lipid solution in chloroform was slowly
dried under gentle nitrogen flow. Then phosphate-buffered
saline (PBS) solution (10 mM, pH 7.4) was added and the
solution was sonicated in an ultra-sonicator for about 20 min.
Finally, a semi-transparent solution was obtained. It was then
filtered with a 0.45 um syringe filter and the resultant solution
was cooled to room temperature and then stored overnight at
4 °C to induce crystallization of lipid membranes. PCDA/DMPC-
based liposomes were also prepared by the above-mentioned
procedure."”

For the preparation of Doxorubicin (Dox) loaded Lip-DT-
Dox, a Dox stock solution in chloroform was added to the lipid
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light scattering analysis (Zetasizernano ZS, Malvern Instru-
ments, Malvern, U.K.) was carried out to find the size distribu-
tion and surface charge of the Lip-DT and PCDA/DMPC-based
liposomes. Dynamic light scattering (DLS) measurements
were performed using the samples diluted to approximately
0.05 mM."

UV-Vis spectroscopy

UV-Vis absorption spectra of the synthesized PCDA-DAN, PCDA-
TPP, and Lip-DT (liposome) were recorded in a PBS (pH 7.4)
buffer medium using a UV/Vis spectrophotometer (Thermo
scientific, Nanodrop 2000c UV-Vis absorption spectrometer).

Fluorescence spectroscopy

Fluorescence measurements were performed at RT using a
photoluminescence spectrophotometer (Edinburgh Instru-
ments, FLS 1000). The emission spectra of the synthesized
molecules were recorded in an aqueous medium using proper
excitation wavelengths.

Microanalysis

C, H, and N analysis was performed using a Vario Micro Cube
(Elementar) instrument.

Drug release of Lip-DT-Dox

The incorporation of Doxorubicin was conducted during the
preparation of Lip-DT-Dox as mentioned above. The drug-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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incorporated Lip-DT-Dox was prepared by the above-mentioned
protocol and dispersed in PBS (10 mM NaCl pH = 7.4, 150 mM).
After that, this suspension (3 mL) was transferred into a dialysis
bag (MWCO 3 kDa), and the bag was dipped in 40 mL of PBS at
RT. The emission intensity of the buffer solution outside the
dialysis bag was measured at different time intervals for
24 hours. The volume of the solution was kept constant by
adding 1 mL of the original PBS solution after each measure-
ment. The emission intensities were measured at RT using a
fluorescence spectrophotometer. The emission spectra were
recorded from 500 nm to 750 nm for the % drug release vs.
time plot (Agx = 490 nm and Ayon = 590 nm).*?

Drug-encapsulation efficiency (EE)

Lip-DT-Dox was prepared as reported above, and the aqueous
medium was decanted and the emission intensity at the desired
wavelength was measured. The drug-encapsulation efficiency
(EE), which is correlated with the concentration of the drug not
incorporated or the free unentrapped drug molecule, can be
expressed by eqn (1).*®

As the concentration of the drug is directly proportional to
the emission intensity, eqn (2), the emission of the drug
incorporated in nanoparticles is equal to the total emission
subtracted by the emission intensity of the drug not incorpo-
rated; EE can be calculated using eqn (3).

The drug encapsulation efficiency calculated for the Lip-DT
66.09%.

Cell culture

Cells used in our experiments were procured from the Cell
Repository of National Centre for Cell Sciences (NCCS), Pune
India. The National Centre for Cell Science (NCCS), Pune, India
provided us with the human embryonic kidney (HEK293),
breast cancer (MCF7), and colon carcinoma (HCT116) cell lines.
The human cardiac myocyte cell line (AC16, SCC109) was
acquired from Merck, Millipore, USA. As specified in the given
manual, the cells were cultured in DMEM media with 10% FBS,
100 U mL ™" penicillin, and 100 pg mL~" streptomycin. The cells
were cultured at a temperature of 37 °C within a 5% CO,
incubation environment.*> The synthesized compounds were
dissolved in DMSO for cell-based experiments and to minimize
the toxicity of the DMSO itself, the concentration of DMSO was
kept at 0.1%. To rule out potential impacts of DMSO on cellular
viability and other endpoints, control cells were treated with a
0.1% DMSO-containing vehicle control.

MTT assay

The cellular toxicity of the synthesized compounds was
assessed using the MTT reduction assay. To investigate the
impact of the Lip-DT compound on cell growth and prolifera-
tion, various cells such as HEK293, AC16, HCT116, and MCF7
were exposed to varying concentrations of the compound for a
period of 40 hours. Following the seeding of cells at a density of
6 x 10” cells per well in a 96-well plate, they were incubated in a
CO, incubator at 37 °C and 5% CO,, with the culture medium
consisting of DMEM supplemented with 10% FCS (Gibco).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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After 24 hours, the culture medium was replaced, and the cells
were subsequently incubated with various concentrations of the
synthesized compounds for an additional 40 hours.”® The
incubation was carried out using a culture medium without
phenol red. Then a solution of MTT (Sigma) at a concentration
of 0.5 mg mL™" was added to each well, and the cells were
incubated for 3 hours. Once the incubation period was com-
plete, 150 pL of DMSO was introduced into each well to
facilitate the solubilization of the formazan crystals. Lastly,
the optical density (OD) was assessed at a wavelength of 570 nm
with a plate reader (Biotek Instrument).

Fluorometric analysis

HEK293 and AC16 cell lines were seeded at a density of 3 x 10°
cells in 35 mm dishes containing DMEM supplemented with
10% FCS to initiate the culture. After a 30-hour incubation
period, varying concentrations of the Lip-DT compound were
introduced, and the cells were allowed to incubate undisturbed
for an additional 24 hours. Afterward, the cells were harvested,
subjected to rinsing with chilled PBS, and eventually lysed in
PBS supplemented with 1% Tween 20.°° Upon the centrifuga-
tion of the cell lysates, the supernatant was collected, and the
fluorescence level was determined using an excitation wave-
length of 560 nm and an emission wavelength of 633 nm.

Immunofluorescence study

AC16 and MCF?7 cells were grown on cover slips sited in six-well
plates filled with DMEM (Gibco) supplemented with 10%
FBS (Invitrogen), 100 units per ml penicillin (Sigma-Aldrich),
100 pg mL™' streptomycin (Sigma-Aldrich), and 2mM
L-glutamine (Himedia) at 37 °C and 5% carbon dioxide. Follow-
ing a 30-hour incubation period, the Lip-DT and Lip-DT-Dox
compounds were introduced to the cells at a concentration of
100 nM in DMEM. After an 8-hour incubation period with the
compounds, the cells were subjected to three consecutive rinses
with chilled PBS solution, each lasting 5 minutes. Following
this, the cells were fixed using 4% paraformaldehyde at room
temperature for 10 minutes and washed twice with cold PBS.>
The cells were then subjected to examination using fluores-
cence microscopy (Optika B-100FL HBO, Italy) after being
mounted with Vectashield mounting media with DAPI (Invitro-
gen). This process facilitated the visualization of the labelled
fluorescence.

ROS generation study

To determine the intracellular levels of reactive oxygen species
(ROS), the cell-permeable oxidation-sensitive probe, CM-
H,DCFDA, was employed. HCT116 or MCF7 cells were treated
with Dox and Lip-DT-Dox for 24 hours. Following the incuba-
tion period, the cells were detached by scraping, collected
through centrifugation, and subsequently washed twice with
cold PBS for 5 minutes each. Afterward, the cells were resus-
pended in PBS and subjected to a 20-minute incubation in the
dark at 37 °C with CM-H,DCFDA (5 uM).”° Then the cells were
washed with chilled PBS and lysed using PBS containing 1%
Tween 20. The fluorescence of dichlorofluorescein (DCF) was
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measured at an excitation wavelength of 480 nm and an
emission wavelength of 530 nm to determine the generation
of intracellular ROS.

Measurement of mitochondrial membrane potential

The evaluation of mitochondrial membrane potential (MMP, ¥y)
involved monitoring the interaction of the fluorescent dye JC-1
(5,5,6,6'-tetrachloro-1,1',3,3'-tetraethyl  benzimidazolylcarbocya-
nine iodide) with mitochondria, following a standard protocol.
MCF7 and HCT116 cells were initially cultured in DMEM medium
supplemented with 10% FCS. Following the treatment with Dox
and Lip-DT-Dox, the cells were subsequently incubated for a
duration of 30 hours. After the incubation period, the cells were
harvested to measure the levels of reactive oxygen species (ROS).
The cell lysates were incubated with JC-1 (2.5 ug mL™') in PBS
solution at 37 °C for approximately 30-35 minutes with contin-
uous shaking.>® Then the cells were washed thrice with chilled
PBS for 5 minutes each, and resuspended in PBS. To assess the
mitochondrial membrane potential (MMP Y),), the ratio of
fluorescence intensity at 590 nm to 530 nm was measured.

Apoptosis assay

The Roche cell death detection kit was utilized to quantify the
occurrence of apoptosis in MCF7 and HCT116 cancer cells
treated with Dox (positive control) and Lip-DT-Dox. The quan-
tification of cytoplasmic histone-associated DNA fragments was
performed using an ELISA kit. The results are presented as the
fold increase in the enrichment factor of cytoplasmic
nucleosomes.>”

Mitochondrial isolation from cultured cell

Cells post-treatment or control were centrifuged at 300 x g for
10 minutes and the pellet was collected. The cell pellet was
gently re-suspended in 1-2 mL of ice-cold homogenization
buffer containing tris-HCl or HEPES, salts (e.g., potassium
chloride), and protease inhibitors. It was then homogenized
by gently grinding or shearing, taking care not to generate
excessive heat. The homogenate solution was transferred to a
15 mL centrifuge tube and centrifuged at a low speed (e.g., 800 x g)
for 5 minutes. This step removes unbroken cells, nuclei, and
cellular debris, leaving the mitochondria in the supernatant. The
supernatant was taken and centrifuged at a higher speed (e.g,
10000 x g) for about 10-15 minutes. The supernatant having the
cytosol and other soluble components was discarded while the
pellet at the bottom with mitochondria was collected for lysate
preparation and further processing.’>

Immunoblotting

After being exposed to liquid nitrogen for rapid freezing, the
treated cells were subsequently lysed in a RIPA buffer contain-
ing premixed protease and phosphatase inhibitor cocktails
(Abcam). The cell lysates were prepared and quantified using
the same procedure as previously performed.>® Each protein
sample, consisting of 20 pg, was subjected to SDS-PAGE for
separation and then transferred onto nitrocellulose mem-
branes. Following the transfer, the membranes were blocked
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in a 3% BSA solution in 1X TBST for 1 hour. Subsequently, the
membranes were immunoblotted with the appropriate primary
antibodies and left overnight for incubation. After rinsing
the immunoblots with 1X TBST, they were incubated with
secondary antibodies labelled with horseradish peroxidase.
The detection of immunoreactivity was achieved by employing
chemiluminescence. To quantify the densitometry of western
blots, Image J software (NIH) was utilized. The protein expres-
sion levels were normalized to B-Actin and then presented as a
ratio relative to the control conditions for all experiments.

Statistical analysis

All the data were analyzed by Student’s ¢ test or one- or two-way
ANOVA with the Bonferroni post hoc interpretation. GraphPad
Prism software (San Diego, CA, USA) was used for statistical
analyses. Results were considered significantly different at P <
0.05 and the values are shown as means + SEM.
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