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Mitochondria play important roles in the maintenance of cellular health. In cancer, these dynamic
organelles undergo significant changes in terms of membrane hyperpolarization, altered metabolic
functions, fusion—fission balance, and several other parameters. These alterations promote cancer
growth, proliferation and spread, and the eventual development of metastatic disease and therapeutic
resistance. Thus, routing therapeutics to the mitochondrial compartments can be one of the most
promising methodologies for tackling such changes to achieve cancer control. Over the last decade,
targeted cancer medicine has experienced tremendous growth, enabling the targeting of mitochon-
dria for greater therapeutic specificity. Here, we demonstrate a feasibility method to specifically target
the mitochondria of prostate cancer cells. We achieve such dual targeting by utilizing two functiona-
lized polymers and constructing a single blended nanoparticle (NP). Such a targeting strategy was
developed utilizing a polymeric platform that differed in terms of the length of the amphiphilic por-
tions, the linker between the hydrophobic portions, and the attached targeting moieties. In doing
this, we demonstrate prostate cancer specific mitochondrial delivery of a chemotherapeutic prodrug
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to create repair-resistant adducts within mitochondrial DNA promoting cellular death. This article
documents the synthetic strategy, optimization of blended NPs for cell specific mitochondria target-
ing, and the utility of the proof-of-concept design was demonstrated using a combination of analyti-
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Introduction

Mitochondria play a major role in the cycle of carcino-
genesis."”” The oxidative phosphorylation (OxPHOS) cycle
involves a series of redox reactions that generate ATP and
reactive oxygen species (ROS). The ROS contribute to norma-
tive cellular functions, but also potentiate damage to local
mitochondrial DNA (mtDNA). Damage to mtDNA within the
mitochondrial matrix is unlike nuclear DNA (nDNA) damage.
A lack of excision repair machinery in the mitochondrial
matrix greatly reduces, or essentially eliminates, the potential
for repair of oxidative damage from adjacent ROS. The ROS-
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damaged mtDNA containing mutated genetic information
and transcriptional ability will populate within tumors cells.?
The concentration of mutated mtDNA, demonstrating altered
methylation markers throughout the DNA, can ultimately be
deemed a causative factor for the propagation of cancerous
masses.* In particular, mutated mtDNA can put forward the
following cancer-related mitochondrial markers: increased
rate of glycolysis, hyperpolarization of the inner mitochon-
drial membrane (IMM), and alteration of the permeability
pore complex of the membranes. The downstream effects of
such mutation on the cell are (1) increased intracellular alka-
linity, (2) increased extracellular acidity, and (3) endosomal
vesicles in close proximity to the cellular periphery.® The key
action of mtDNA that puts it at the forefront as the prime
target for the treatment of aggressive cancers is its contri-
bution to apoptosis.® Cisplatin, a Food and Drug
Administration (FDA) approved chemotherapeutic drug, is
highly efficacious in solid tumors, such as those of the ovary,
breast, brain, kidney, and testicles. The basis of its efficacy
stems from its ability to introduce intra- and inter-strand
DNA cross-links with nDNA.” However, drug-resistance and
systemic toxicity are significant downsides to the use of cis-
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platin. The nDNA utilizes nuclear excision repair (NER)
machinery to excise cross-linked regions, rendering the drug
ineffective with prolonged use.”” Prostate cancer (PCa) is an
example of a cisplatin-resistant tumor in which DNA adducts
are repaired by NER mechanisms. Furthermore, it was esti-
mated that between 84 and 90% of metastatic prostate cancer
(mPCa) patients had metastasis to bone, and as a result of
the US Preventive Services Task Force (USPSTF), diagnosis
and identification of mPCa cases are on the rise.'*™?
Mutated mtDNA continues to pose a threat towards the
progression of the disease to an advanced stage. Thus, the
targeting of mtDNA can be a promising tool for treating PCa
and managing aggressive PCa in the metastatic stage. The
absence of efficient mitochondrial DNA repair machinery
and the role of mutated mtDNA in aggressive PCa provide
compelling reasons for routing cisplatin to the mitochon-
drial lumen to develop alternative therapeutic options for
metastatic PCa. The success of such a strategy would depend
on the ability to target the mtDNA situated in the mitochon-
drial lumen with cisplatin and thus it requires a mitochon-
dria-targeted cisplatin prodrug and a drug delivery system
that can selectively deliver this prodrug to the mitochondrial
matrix of PCa cells where the mitochondrial genome is
located. In this work, we constructed a dual-targeted bio-
degradable polymeric nanoparticle (NP) system containing a
cisplatin prodrug with mitochondria targeting ligands
(Fig. 1) and demonstrated its in vitro efficacy. Polymeric NPs
are extensively used to modulate the biodistribution (bioD),
pharmacokinetics (PK), and safety profiles of drugs to
achieve a better therapeutic window."*">*> We designed and
constructed a biocompatible polymeric NP of PLGA-b-PEG
functionalized with a terminal triphenylphosphonium (TPP)
cation which has the ability to show mitochondrial associ-
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ation utilizing sequential pathways which include endosomal
escape, mitochondrial outer membrane association via
electrostatic interaction, intermembrane space crossing uti-
lizing a hydrophobic surface, and finally recognition of a
substantial negative mitochondrial membrane potential
(A¥,,) which exists across the inner mitochondrial mem-
brane (IMM).***° We identified an optimized NP formu-
lation of suitable diameter and surface charge for efficient
endosomal escape and mitochondrial targeting and
maximum mitochondrial matrix accumulation. The biologi-
cal activity of Pt(iv) prodrugs involves the reduction and
release of active cisplatin. Therefore, we designed and con-
structed a Pt(wv)-prodrug of cisplatin, Platin-M (Fig. 1), by
appending lipophilic TPP cations in the axial positions of
cisplatin using a combination of strain promoted cyclo-
addition based click reactions and traditional chemical
approaches.”® Mitochondria of PCa cells maintain a hyper-
polarized AY,, state compared to that of normal cells.?
Here, we demonstrate the introduction of Platin-M inside a
dual targeted NP system to selectively deliver cisplatin inside
the mitochondria of PCa cells. To deliver Platin-M with the
highest efficiency inside the mitochondria of PCa cells, we
encapsulated this prodrug inside a blended NP system con-
taining a PLGA-b-PEG-prostate specific membrane antigen
(PSMA)-targeting peptide (PLGA-b-PEGs00o-PTP) where PLGA
is connected to a longer PEG with an acid sensitive linker
(Fig. 1A). The mitochondria-targeted polymer PLGA-b-
PEG,00o-TPP contains a shorter PEG. PSMA is a well-estab-
lished tumor marker, which is up-regulated in PCa, particu-
larly in advanced, hormone-independent, and metastatic
disease.>® When the blended NPs are in circulation, cationic
TPP molecules from PLGA-b-PEG,o-TPP with a shorter PEG
linker are shielded by the long PEG-chains from PLGA-b-
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Fig. 1 Schematic representation of a dual targeting nanotherapeutic technology for accessing selectively the mitochondria of prostate cancer cells
which express PSMA and utilization of such a strategy to deliver a cisplatin prodrug, Platin-M for attacking mtDNA. The Platin-M loaded dual targeted
nanoparticle consists of the PSMA targeting ligand attached to an acid cleavable polymer backbone along with a mitochondria targeted polymer.
Upon endosomal uptake, a longer PSMA targeted polymer was cleaved under the acidic conditions resulting in mitochondria-targeted NPs which
can navigate to the mitochondria for Platin-M delivery to result in mt-DNA damage. (A) Structures of the polymers and depiction of the nanoparticle,
(B) uptake of NPs in PSMA expressing PCa cells, cleavage of the acid sensitive linker in the endosomes, and uptake of the NPs in the mitochondria.
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PEGs5000-PTP to minimize TPP exposure to the cells of the
mononuclear phagocyte system (MPS). These NPs undergo
endocytosis by interaction of the PSMA targeting ligand on
the NP surface with the antigens present on PCa cells. At the
acidic pH of the endosomes, the longer PEG-chains with an
acid cleavable linker are cleaved off and the mitochondria-
targeted NP with Platin-M was released (Fig. 1B). Our recent
studies with mitochondria-targeted NPs and early endosome
marker EAA-1 indicated that these mito-targeted-NPs escape
endosomes efficiently,”* and the released single-targeted NPs
will disrupt the endosomal membrane and will accumulate
inside the mitochondrial matrix efficiently to deliver Platin-
M with the highest efficacy. The efficient endosomal escape
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capacity of the TPP containing polymer in solution.?* In this
paper, we summarize the proof-of-concept demonstration of
the activity of such a dual targeted NP system (Fig. 1).

Results and discussion

Synthesis of a PSMA-targeted acid cleavable biodegradable
polymer

Our objective was to realize precise medicine tailored for pros-
tate cancer by implementing strategies that enable PCa cell-
specific mitochondria targeting followed by mitochondria and
induce targeted alterations in metabolic processes within

of the targeted NPs can be attributed to the high buffering these cells. To accomplish this objective, it is imperative to
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Fig. 2 Multistep synthetic strategy of PLGA-b-PEGsq00-PTP and PLGA-b-PEG;g00-TPP. L-Glutamic acid di-tert-butyl ester-HCl reacted with triphos-
gene followed by H-Lys(Z)-OtBu-HCl and subsequently deprotected the benzyl ether and tert-butyl protection to yield PSMA targeting peptide com-
pound 1. Salicylaldehyde and paraformaldehyde reacted in the presence of hydrochloric acid, which was further reacted with sodium azide to form
compound 2. Poly (p,L-lactide-co-glycolide)-carboxylic acid (PLGAz350-COOH) was reacted with propargyl amine after converting to its N-hydroxy
succinimide (NHS) variant via the NHS coupling reaction to form compound 3. Compounds 2 and 3 were coupled via a click reaction to yield
PLGAz350-CHO which is a PLGA molecule containing an aldehyde end group, which was further reacted with imien and carboxylic acid functiona-
lized polyethylene glycol (HoN-PEGsg00-COOH) to form an acid cleavable imine backbone containing a PLGA-PEGs000-COOH molecule. Finally, it
was reacted with compound 1 to form the PSMA targeting peptide containing polymer PLGA-PEGsg00-PTP. 6-Bromoheaxnoic acid was reacted with
triphenyl phosphine to form TPP-hexanoic acid which contains the delocalized positive charge. PLGAz350-COOH was reacted with hydroxyl functio-
nalized polyethylene glycol (HO-PEGyp00-OH) using N,N’-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) resulting in
PLGA3350-PEG2000-OH which was further reacted with TPP-hexanoic acid using DCC and DMAP coupling to form the mitochondria targeted mole-
cule containing the polymer PLGAz350-PEG2000-TPP.
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develop a NP technology specifically designed for targeting
PCa, which possesses acid-cleavable properties to be integrated
with the mitochondria-targeting capabilities in the NP. This
combined approach facilitates the delivery of prodrugs to the
mitochondria of PCa cells, enhancing the overall therapeutic
efficacy. In this approach, we exploited the significant binding
affinity of the urea-based prostate-specific membrane antigen
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(PSMA) targeting peptide (PTP) analogue towards the antigens
found on PCa cells. We synthesized a polymer by conjugating
the PTP peptide to a PLGA-PEG, resulting in the formation of
PLGA-b-PEGs5000-PTP construct featuring an extended PEG
chain and an acid-cleavable imine linker, achieved through a
multistep synthetic route involving sequential reactions to
achieve the desired structure (Fig. 2). To improve targeting pre-
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Fig. 3 (A) Structures of PSMA targeted PLGA-b-PEG-PTP with an acid cleavable linker and its precursors. (B) GPC chromatogram of PLGA-b-

PEG-PTP and comparison with precursor polymers.
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cision and facilitate drug delivery to mitochondria, we devel-
oped a specialized small polymer named PLGA-b-PEG;,-TPP
(Fig. 2). This polymer incorporates a triphenylphosphonium
cation (TPP), enabling it to effectively target mitochondria and
upon formulation into NPs, the positive charge of the TPP
group enhances its affinity for the mitochondria, ensuring
precise and efficient drug delivery to the organelle. The syn-
thesis of the PSMA-targeted acid cleavable biodegradable
polymer involved several steps aimed at incorporating a urea-
based PSMA targeting peptide (PTP) analogue into the
polymer structure. This peptide analog attached to the
polymer backbone, as illustrated in Fig. 3. Throughout the syn-
thesis process, each monomer and polymer formed at every
step underwent thorough characterization using spectroscopic
and analytical methods (ESI Fig. S1-S91). This rigorous charac-
terization ensured the integrity and composition of the
polymer at each stage of synthesis, confirming the successful
incorporation of the PSMA targeting peptide analog and the
acid-cleavable linker into the final polymer structure. The
final PLGA-b-PEG-PTP polymer was characterized by NMR and
GPC. The GPC of PLGA-b-PEG-PTP and a comparison of the
retention time of the final polymer with the precursors con-
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firmed its formation (Fig. 3). Overall, the synthesis strategy
capitalized on the strong binding affinity of the urea based
PSMA targeting peptide analog to design a biodegradable
polymer capable of specifically targeting PCa cells. The
inclusion of an acid cleavable linker enhances the polymer’s
functionality, allowing for the exposure of TPP ligands for tar-
geting mitochondria, a final location of tumor for controlled
release of therapeutic agents.

Synthesis and characterization of dual targeted NPs

We synthesized drug free (empty) blended NPs consisting of
PLGA-b-PEGs500o-PTP and PLGA-b-PEG,0o-TPP using a nano-
precipitation method by varying the percentages of both poly-
mers from 0 to 100% (Fig. 4A). By varying the ratio of these
two polymers, we aimed to understand their effects on the
physicochemical properties such as the diameter and surface
charge of the NPs. Characterization of these NPs was con-
ducted using dynamic light scattering (DLS) to determine the
average diameter, zeta potential, and polydispersity index
(PDI) (Fig. 4A and B). We also synthesized individual NPs of
PLGA-b-PEGs5000-PTP and PLGA-b-PEG,0-TPP separately via
the nanoprecipitation method and physically mixed two NPs at
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various ratios. Comparison of the zeta potentials of dual tar-
geted NPs with single PTP and single TPP targeted NPs clearly
demonstrated that the -TPP moieties are masked by the —-PTP
moieties as we predicted in the case of blended NPs. The
physical mixture of NPs exhibited distinct characteristics, with
the 50 : 50 physical mixture yielding larger NPs. This suggested
that PLGA-b-PEG,000-TPP is not being masked but rather aggre-
gated to form larger NPs. This control experiment demon-
strated efficient blended NP formation. TEM images of these
blended dual NPs (T1(30)T2(70)-empty-NP), physically mixed
dual NPs, and single PTP and single TPP NPs revealed similar
observations, with blended NPs displaying a defined structure,
in contrast, physically mixed NPs aggregated. We further
studied the effect of pH changes on dual targeted NPs and it
was observed that these NPs are able to release the mitochon-
dria-targeted NPs when the pH is changed to an acidic endo-
somal pH (Fig. 4D). Diameter analyses of dual targeted NPs at
pH 7.4 and 5.0 demonstrated a decrease in the diameter when
the pH was 5.0 and the zeta potential changed to a positive
value (Fig. 4D). This study indicated that the dual targeted NPs
can release the mitochondria targeted NPs at the acidic pH
such as those observed in endosomes.

Dual targeted NPs containing Platin-M

We optimized the encapsulation of Platin-M inside the hydro-
phobic core of a blended NP composed of PLGA-b-PEGsgg0-
PTP, PLGA-b-PEG,0o-TPP, and PLGA-COOH using the nano-
precipitation method (Fig. 5A). The ratio of these two polymers
was varied to understand the effects on the diameter and
surface charge of NPs. An additional 30% PLGA-COOH was
added along with 30% Platin-M to increase the loading of
Platin-M inside the hydrophobic core of the NPs. All these NPs
were characterized by DLS for size, zeta potential, and polydis-
persity. The platinum content was quantified by ICP-MS
(Fig. 5A and B). Upon further investigating the Platin-M
loading and encapsulation efficiency (EE), we found that the
loading and EE drastically decreased beyond 50% of T1
(Fig. 5A and B). Based on these preliminary diameters, surface
charge, and higher Platin-M prodrug loading, we decided to
use a 50:50 blend of the two polymers to create dual targeted
NPs containing Platin-M (dual targeted-Platin-M-NPs). We next
studied the effects of percentage feed Platin-M variation on
percentage loading and percentage encapsulation efficiency
using the dual targeted 50:50 blend T,(50)T,(50) NPs.
Analyses of NPs prepared by varying the Platin-M feed and
determination of Platin-M loading by the Pt-based ICP-MS
method indicated that the percentage loading can be
increased by increasing the percentage feed up to 40% and
then the encapsulation efficiency saturates (Fig. 5C). Thus, for
all our subsequent studies, we used 30% Platin-M for NP syn-
thesis. In all further studies, we used single targeted (PTP or
T1)-Platin-M-NPs and single targeted (TPP or T2)-Platin-M-NPs
as controls. We further studied the effect of a change in pH on
dual targeted (T1, T2)-Platin-M-NPs and it was observed that
these NPs can release the inner mitochondria-targeted NP
when the pH is changed to an acidic endosomal pH (Fig. 5D

This journal is © The Royal Society of Chemistry 2025
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and E). Analyses of dual targeted-Platin-M-NPs at pH 7.4
demonstrated a diameter of 93 nm and a zeta potential of
3 mV. However, when the pH was changed to 6.0, we observed
a decrease in diameter (60 nm) and the zeta potential changed
to a positive value of 19 mV (Fig. 5D). This study indicated that
the dual targeted NP will be able to release the mitochondria
targeted NP in the endosome in response to the change in pH
to a more acidic value.

Uptake studies and mitochondrial effects of dual targeted NPs

Mitochondrial delivery of the prodrug to the PSMA positive
cells is another major objective of developing dual targeted
NPs. To visualize the mitochondrial colocalization capability
of the NPs, we synthesized red fluorescent quantum dot (QD)
loaded NPs with different targeting strategies, including dual
targeted, single targeted (PTP or T1), single targeted (TPP or
T2), and completely non-targeted (NT) NPs. These NPs were
formulated using PLGA-b-PEGsq00-PTP, PLGA-H-PEG,00o-TPP,

QD Mito Tracker Green

Merge

Ay

NT-OH-QD NP Control

T,(100)-QD NP

T,(50)T,(50)-QD NP T2(100)-QD NP

Fig. 6 Uptake studies and mitochondrial effects of dual targeted NPs.
Uptake of dual-targeted NPs in LNCaP cells. [NPs]: 0.5 mg mL™* (with
respect to total NPs). Incubation time: 45 min at 37 °C. Live cell imaging
was performed.
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PLGA-b-PEG2000-OH, and PLGA-PEG-QD. Specifically,
PLGA-PEG-QD**** was used to incorporate red fluorescent
quantum dots into the NPs. Preliminary uptake studies were
conducted in PSMA-expressing LNCaP prostate cancer cells
after treating them with 0.5 mg mL™' NPs for 45 min. The
results indicated the efficacy of the dual-targeted NPs in terms
of cellular and mitochondrial association, as depicted in
Fig. 6. While it was expected that single targeted TPP would
exhibit higher colocalization with the mitochondria, single tar-
geted PTP did not exhibit efficient colocalization. This
suggests that the dual-targeted NPs have higher affinity for
PSMA-expressing cells and exhibit enhanced cellular and mito-
chondrial uptake compared to the other formulations tested.
These findings underscore the potential of the dual-targeted
NPs for mitochondria targeted drug delivery to prostate cancer
cells expressing PSMA, thereby highlighting their promising
application in cancer therapy.

Activity of Platin-M-loaded dual targeted NPs

We investigated the overall cellular uptake of Platin-M loaded
NPs in PSMA-positive LNCaP prostate cancer cells and com-
pared their uptake in PSMA-negative PC3 prostate cancer cells.
The completely TPP (T2) or PTP (T1) targeted NPs were used as
controls and we treated the LNCaP and PC3 cells with a Platin-
M loaded library of NPs at a concentration of 5 uM for 6 h,
after which cell lysates were collected to determine the plati-
num content. ICP-MS based analyses of Pt treated cell lysates
indicated that 50:50 blended dual targeted NPs showed sig-
nificantly higher uptake in PSMA" LNCaP cells (Fig. 7A). These
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studies indicated that we could generate and optimize a dual
targeted NP containing Platin-M with the potential to deliver
cisplatin in the mitochondria of PSMA" PCa cells. The efficacy
of dual targeted-Platin-M-NPs in inducing apoptosis in pros-
tate cancer (PCa) cells was evaluated using the JC-1 assay to
assess the state of AY¥,,, a key early marker of apoptosis. PC3
and LNCaP cells were treated with dual targeted-Platin-M-NPs
at a concentration of 10 pM with respect to Platin-M for 24 h.
The results revealed a greater induction of apoptosis in LNCaP
cells, as evidenced by a decreased Jaggregate//monomer ratio, indi-
cating disruption of the mitochondrial membrane potential
(Fig. 7B). Furthermore, the effect of Platin-M, when delivered
with dual targeted NPs, on the mitochondrial total mass was
determined using the citrate synthase activity assay. A decrease
in the mtDNA content is typically associated with reduced
citrate synthase activity and lower total mitochondrial mass.
Treatment of LNCaP or PC3 cells with dual targeted-Platin-
M-NPs at a concentration of 10 pM with respect to Platin-M for
24 h resulted in decreased citrate synthase activity, implying
an impact of Platin-M on the mitochondria of PCa cells when
delivered with a dual targeted-NP (Fig. 7C). These findings
underscored the potential of dual targeted-Platin-M-NPs as
effective inducers of apoptosis in PCa cells, particularly in
LNCaP cells, and highlighted their ability to target and disrupt
mitochondrial function, suggesting their promise for appli-
cation in PCa therapy.?>—®

We further investigated the effects of Platin-M prodrug and
Platin-M encapsulated in single targeted T;(100)-Platin-M,
single targeted T,(100)-Platin-M, and dual targeted T;(50)
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Fig. 7 Uptake and activity of Platin-M-loaded dual targeted NPs. (A) Demonstration of the targeted cellular uptake of the library of blended NPs in
PSMA positive LNCaP compared to PSMA negative PC3 cells. Cells were treated with NPs at a concentration of 5 uM for 6 h and the cell lysates were
used to quantify the NPs by ICP-MS by quantifying Pt. (B) Healthy vs. apoptotic cell upon treatment of LNCaP or PC3 cells with dual-targeted-
Platin-M-NPs at a concentration of 10 uM with respect to Platin-M for 24 h by detecting the loss of A¥,, using the lipophilic cationic dye 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide or JC-1. (C) A reduction in the citrate synthase activity in LNCaP and PC3 cells
upon treatment of the cells with dual-targeted-Platin-M-NPs at a concentration of 10 pM with respect to Platin-M for 24 h. Citrate synthase is a TCA
cycle enzyme which can be used as a marker of mitochondrial mass.

1266 | Nanoscale, 2025, 17, 1260-1269 This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr01450b

Published on 23 October 2024. Downloaded on 1/9/2026 3:42:02 PM.

Nanoscale
(A) LNCaP Basal Respiration
0 g 8 £8 P <0.0001
A §5 Control - i

I~ ) | £8 Cisplatin - —
£5200] © i %% . PlatinM Z5a :
g8 T,(100)-Platin-M-NP 38 o
S5 PN T,(100)-Platin-M-NP E%40
§ R1ooj i [Biii  T,(50)T,(50)-Platin-M-NP g B

L
SO SARN
© @QQ@\\'\‘ \\‘\ N
QPP e

0 50 100 150 200

Time (min)
S
SO @
Q G,
BRRS Tev®
/\S
(B) PC3

FCCP
@
o

Control
Cisplatin

= Platin-M
T,(100)-Platin-M-NP
T,(100)-Platin-M-NP
T,(50)T,(50)-Platin-M-NP o

Oligomycin
Antimycin +
Rotenone

o
=]

OCR (pmol/min)/
mg of Protein
(4.
o

OCR (pmol/min)/
mg of Protein

S
S \\é
(SR

()
0 50 100 150 200
Time (min)

SAJLL R

Basal Respiration

View Article Online

Paper
ATP Production Rate (C pH 7.4; 37°C
100
50 P=00324 |P .
= (=
£ 40 S o 75
£$ g g
s 230 ] 8
= 5%, g s0
§ 0 g 4 T,(100)-Platin-M-NP
25 T,(100)-Platin-M-NP
0 i i
\(o \\0 @eQ \gz %Q 0." : T1(50):|'2(50)-Pllatm-M-N!=
SRS NN 0 20 40 60 80
(SRS \\o «
QCT® Time (h)
SIS
S S
AN
&N
(D)
<100
ATP Production Rate S
100 P=0.0092 s 80
- B 60
£ c 80 ns 4
£2 T 40
g 1 ' &
St : g =
3
8E 2 < 0
SENRE X & &
& \foQQ\'bQ (\@,\\ P
> S \QQ\ \QQ\'
\@\@:@\ AN AT Y
St <§
&N

Fig. 8 Assessment of the impact of free Platin-M and Platin-M loaded single targeted T;(100)-Platin-M, single targeted T,(100)-Platin-M, and dual
targeted T1(50)T,(50)-Platin-M NPs on the overall mitochondrial health of PCa cells. Analyses of mitochondrial OXPHOS by mito-stress test assays of
(A) PSMA expressing LNCaP cells and (B) PSMA negative PC3 cells showing a significant reduction in basal respiration and ATP production rate upon
treatment with T;(50)T,(50)-Platin-M-NPs. (C) Release kinetics of Platin-M from single targeted and dual targeted NPs. (D) Percentage of Pt released
from single targeted and dual targeted NPs during a 72 h period at a physiological pH of 7.4 and a temperature of 37 °C. Statistical analyses were

performed using ordinary one-way ANOVA.

T,(50)-Platin-M NPs on mitochondrial bioenergetics using
Seahorse Mito-stress analyses in both PSMA expressing LNCaP
and PSMA negative PC3 cells (Fig. 8A and B). We specifically
assessed the basal respiration and ATP production rate of
these cells after 24 h of treatment and found that Platin-M
loaded dual targeted NPs are significantly more effective com-
pared to control or free drug treatments in PMSA expressing
LNCaP cells (Fig. 8A). In PSMA-negative PC3 cells, dual-tar-
geted NPs notably reduced both basal respiration and ATP pro-
duction rates compared to the control (Fig. 8B). Comparing
the different NP treatments, it is evident that targeted delivery
and mitochondrial release of the prodrug play a crucial role in
impacting the cellular bioenergetics and enhancing efficacy.
To support this further, we performed a time dependent
release kinetics study using two single targeted and the dual
targeted NPs against 1x PBS at a physiologically relevant pH of
7.4 at 37 °C (Fig. 8C). The NPs exhibited a controlled and
gradual release of Platin-M from the core of the NPs over 72 h.
After 24 h, the single targeted T;(100)-Platin-M-NPs released
over 80% of the prodrug likely due to the easily cleavable
imine bond present in the polymer; the mitochondria targeted
T,(100)-Platin-M-NPs released over 47% during the same
period (Fig. 7D). The enhanced mitochondrial targeting and
delivery of Platin-M in T,(100)-Platin-M-NPs likely contributed
to their superior efficacy compared with T;(100)-Platin-M-NPs.
The dual-targeted NPs showed an intermediate release of
around 68% at 37 °C and pH 7.4, indicating a balanced release

This journal is © The Royal Society of Chemistry 2025

profile. The combined benefits of higher prodrug release and
more efficient mitochondrial targeting in PSMA expressing
LNCaP cells accounted for the enhanced efficacy of dual tar-
geted T,(50)T,(50)-Platin-M NPs over the free Platin-M prodrug
and single-targeted NPs.

Conclusions

In summary, to deliver a cisplatin prodrug inside the mito-
chondria of PCa cells with the highest efficiency, we designed
and demonstrated encapsulation of the prodrug Platin-M
inside a blended NP system containing a PLGA-b-PEG-prostate
specific membrane antigen (PSMA)-targeting peptide (PLGA-b-
PEG5000-PTP) where PLGA was connected to a longer PEG with
an acid sensitive linker. The mitochondria-targeted polymer
PLGA-b-PEG,00o-TPP contained a shorter PEG. The dual-tar-
geted NPs can release the single-targeted NPs at endosomal
acidic pH. This approach enabled the creation of repair-resist-
ant adducts within mitochondrial DNA, ultimately leading to
cellular death. This innovative approach holds promise for
enhancing the therapeutic effectiveness of cisplatin in PCa
treatment by specifically targeting the mitochondria, thereby
offering a potential strategy for improving outcomes in
patients with advanced disease when studied further. We
would like to emphasize that our innovation lies in the devel-
opment of dual targeted NPs to selectively deliver the DNA
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damaging agent to the mitochondria of only cancer cells to
form repair resistant DNA adducts using biodegradable com-
ponents such as PLGA and PEG. Our findings highlight the
power of synthetic strategies to realize precise medicine tai-
lored for prostate cancer by implementing cell-specific and
mitochondria targeting technologies.

Statistics

All data were expressed as mean + SD (standard deviation).
Statistical analyses were performed using GraphPad Prism®
software v. 5.00.
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