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ABSTRACT: Despite recent advances in nanomedicine, develop-
ing multifunctional nanocarriers capable of targeted subcellular
delivery and efficient gene therapy remains a significant challenge.
This study reports the design, synthesis, and evaluation of a novel
multifunctional polypeptide-based nanoconjugate that addresses
this gap using sequential delivery, combining mitochondrial
targeting and nonviral gene therapy. We engineered a poly-L-
ornithine-based, polyethylene glycol-modified carrier and intro-
duced a novel custom-designed trivalent compound (TRV3) into
the structure. TRV3, conjugated to the polypeptide carrier via a
redox-sensitive disulfide linker, incorporates the well-described
triphenylphosphonium moiety (TPP) for mitochondrial targeting
and a Cy5 fluorophore as a model drug. The resulting
nanoconjugate (C-TRV3-A) demonstrated efficient endosomal escape and mitochondrial localization. Leveraging the endosomolytic
properties of C-TRV3-A, we explored its potential as a nonviral vector for gene therapy. After optimizing formulation stability using a
VLC-3 anionic polypeptide coating, we developed plasmid DNA polyplexes that exhibited enhanced stability and transfection
efficiency in basic and advanced triple-negative breast cancer cell culture models. This multifunctional polypeptide-based
nanoconjugate represents a significant advance in the field, offering a chemically versatile platform for simultaneous subcellular
targeting and gene delivery that may be used in targeted cancer treatments, among other pathologies.

1. INTRODUCTION
Nanomedicine engineering presents a promising approach to
enhance therapeutic outcomes in complex, multifactorial
disorders such as cancer.1 The rational design of multifunc-
tional polymeric carriers and nanoconjugates with tailored
properties enables the implementation of versatile/combina-
tion therapies, potentially improving efficacy and safety.2,3

Biodegradable polypeptides lacking immunogenicity offer
advantages when used as polymeric carriers, including tunable
properties (via controlled synthesis, architecture, and post-
polymerization modification) and the multivalency required
for the conjugation of distinct payloads via bioresponsive
linkers.4,5 Integrating the described features will support the
creation of polypeptide-based nanoconjugates with diverse
functionalities.6

Numerous applications, including clinically tested,7 have
demonstrated polypeptide versatility,8,9 while their potential
for targeting specific subcellular compartments/delivering
genetic payloads has been independently studied.10−13

However, combining these two functionalities within a single
polypeptide-based system remains mostly unexplored. Of note,

mitochondria have emerged as a primary focus of subcellular
targeting efforts due to their critical role in energy generation
and cancer cell survival.14

Here, we designed a versatile multifunctional polypeptide-
based nanoconjugate for mitochondrial targeting following a
rational hierarchical delivery approach. We selected poly-L-
ornithine (PLO) as the polymeric carrier due to its endosomal
escape properties.10,15 To enhance functionality, we modified
PLO with a polyethylene glycol chain (PLO−PEG), which
improves steric stability and minimizes nonspecific inter-
actions.16 Our group’s prior research underscored the critical
role of PEG modification and the significance of molecular
weight (Mw).17 Among various derivatives evaluated, PLO−
PEG3000 - used as the starting carrier in this study -
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demonstrated optimal transfection efficiency compared to
alternatives such as PLO−PEG2000. We conjugated a trivalent
compound (TRV3), incorporating a triphenylphosphonium
(TPP) derivative for mitochondrial targeting18,19 and Cy5 as a
model drug, to PLO−PEG via a redox-sensitive disulfide (S−
S) linker20 (C-TRV3). Finally, we labeled the nanoconjugate
with Atto488 at ornithine pendant groups for tracking
purposes (C-TRV3-A). Overall, we observed effective TRV3
release following S−S linker reduction and endosomal escape,
enabling mitochondrial targeting. The endosomolytic proper-
ties of C-TRV3-A supported subcellular targeting and
applications in gene therapy as a nonviral vector. While
polycationic polymers such as PLO support DNA condensa-
tion and cellular uptake,17,21−24 their toxicity can limit gene
therapy applications.25−27 We employed a polyanionic
polypeptide (VLC-3)28 as an anionic coating to improve
polyplex stability and safety to address this limitation. We
formulated plasmid (p)DNA polyplexes using C-TRV3-A and
VLC-3, optimizing them for high stability and transfection
efficiency in the triple-negative breast cancer (TNBC) MDA-
MB-231 cell model.
This study explores the innovative use of polypeptide-based

nanoconjugates for targeted mitochondrial delivery, paving the
way for enhanced therapeutic strategies in cancer treatment
and improved safety profiles in nonviral gene therapy
applications.

2. EXPERIMENTAL SECTION
Details regarding materials, protocols, and conditions for the synthesis
and biological evaluation of C-TRV3-A and polyplexes are extensively
described in the ESI and summarized in the following sections.

2.1. Materials. PLO (5700 g mol−1, n = 50) was provided by
Curapath (Valencia, Spain). The heterobifunctional PEG-derivative
MeO-PEG3000-NHS (3023 g/mol; NHS = N-hydroxysuccinimide and
MeO = methoxy) was purchased from Biopharma PEG (USA). Nβ-
Fmoc-Nω-Boc-L-β-homolysine and 3,3′-dithiopropionic acid di(N-
succinimidyl ester (S−S linker derivative) were purchased from
ABCR GmbH (Germany). (3-carboxypropyl)triphenylphosphonium
bromide (TPP derivative, CTPB) was purchased from Sigma-Aldrich
(USA). The fluorophores Atto488-NHS and Cyanine5-amine (Cy5-
NH2) were purchased from ATTO-TEC GmbH and Lumiprobe
GmbH (Germany). Plasmid pCMV-Luc (pDNA-Luc, Luc =
luciferase) was purchased from Plasmid Factory (Germany).

2.2. Methods. 2.2.1. Synthesis and Characterization of C-TRV3-
A. 2.2.1.1. Synthesis of C-TRV-3-A. Briefly, Nβ-Fmoc-Nω-Boc-L-β-
homolysine (S1, 35.4 mg, 1.20 eq., 5 mg/mL) was dissolved in
anhydrous dimethylformamide (DMF) in a two-neck flask in an N2
atmosphere. 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholi-
nium tetrafluoroborate (DMTMM BF4) (48.2 mg, 2.40 equiv) in
0.5 mL anhydrous DMF was added to activate the carboxylic groups
(20 min, room temperature). Cy5-NH2 (40 mg, 1 eq., 10 mg/mL) in
anhydrous DMF was added, and the pH was adjusted to 8 with N, N-
diisopropylethylamine. The reaction proceeded for 24 h at room
temperature, protected from light. After solvent removal, the product
(S2, theoretical yield: 68.4 mg) underwent Boc-deprotection using
dichloromethane (DCM)/trifluoroacetic acid (TFA) (2:1 v/v) for 2 h
at room temperature. The final product (S3) was precipitated in cold
diethyl ether, centrifuged, and lyophilized (Yield: 85%, 58.1 mg).

CTPB (31.6 mg, 1.20 eq., 4 mg/mL) in DMF was activated with
DMTMM BF4 (48.3 mg, 2.4 equiv) for 20 min and then added to a
solution of S3 (58.1 mg, 1 eq., 7 mg/mL) in anhydrous DMF. The
pH was adjusted to 8 and reacted for 24 h at room temperature. The
product (S4, theoretical yield: 83.4 mg) was precipitated, centrifuged,
and lyophilized. S4 underwent Fmoc-deprotection in DMF/
piperidine (4:1 v/v) for 4.5 h, and the final product (S5) was
isolated by precipitation (Yield: 78%, 65 mg).

A solution of S5 (65 mg, 1.00 eq, 7 mg/mL) in anhydrous DMF
was reacted with the S−S linker derivative (50.1 mg, 2 eq., 5 mg/mL)
and a catalytic amount of 4-dimethylaminopyridine (DMAP) at pH 8
for 24 h. The product (TRV3) was purified by solid-phase extraction
using silica cartridges with a DCM/methanol gradient (Yield: 70%,
57.9 mg).

PLO (S6, 200 mg, 1 eq., 20 mg/mL) in anhydrous dimethyl
sulfoxide (DMSO) was reacted with MeO-PEG3000-NHS (i.e., 123
mg, 0.04 eq. for a 4% mol PEG modification) and a catalytic amount
of DMAP at pH 8 for 72 h. The product (S7) was purified by size
exclusion chromatography (PD-10 columns) (PEG functionalization:
3.6% mol).

TRV3 (i.e., 53.7 mg, 0.10 eq for 10% mol PEG modification) was
conjugated to S7 (100 mg, 1 eq., 4 mg/mL), forming C-TRV3 and
purified by size exclusion chromatography (PD-10 columns) and
ultrafiltration (Vivaspin, 2000 MWCO) (C-TRV3 functionalization:
4% mol; Cy5 loading: < 1 wt %; conjugation efficiency: 40%).

C-TRV3 (1 eq., 10 mg/mL) was labeled in water with Atto488-
NHS (0.010 eq., 1.0% mol) in DMSO at pH 8 overnight. The product
(C-TRV3-A) was purified by size exclusion chromatography (PD-10
columns) (conjugation efficiency: 90−100%).

Reported yields calculated based on the limiting reagent in each
reaction. The functionalization/conjugation efficiencies of S7, C-
TRV3, and C-TRV3-A were calculated by 1H NMR or fluorescence
spectroscopy.
2.2.1.2. C-TRV3-A Physicochemical Characterization. Structural

characterization was performed using 1H NMR spectroscopy (300
MHz Bruker spectrometer in CDCl3 or D2O). Mass spectrometry
(MS) analysis employed direct injection Q1 scans (20 μL, 50%
acetonitrile/50% H2O with 0.1% formic acid). The mass spectra
presented in the ESI are centroid m/z values and background-
subtracted spectra. To note, the mass of product S4 was identified as
1273.4 m/z and attributed to the decomposition of triphenylphos-
phine under electron impact, which results in the loss of one phenyl
group and the formation of a two-charged ion (637.2 m/z). This
behavior was limited in subsequent steps by reducing the ionization
temperature from 750 to 250 °C and the declustering potential to 40
V. Moreover, Dynamic light scattering (DLS) measurements were
conducted using a Malvern Zetasizer NanoZS instrument in
phosphate-buffered saline (PBS) at 25 °C. Transmission electron
microscopy (TEM) imaging was conducted on an FEI Tecnai Spirit
BioTwin microscope with samples negatively stained using 2% uranyl
acetate. Small-angle X-ray scattering (SAXS) experiments were
performed at the NCD-SWEET beamline (ALBA Synchrotron,
Barcelona, Spain) using X-ray energies of 12.4 and 15 keV, with
data analyzed using a fractal coil model.

2.3. Synthesis of the Noncovalent Shielding Polyanion
PSar-b-PGA Block Copolymer (VLC-3). The synthesis and full
characterization of the block copolymer PSar100-b-PGA15OtBu (VLC-
3) was conducted as described in the patent application ref.
WO2023002014A128 and can be found in the ESI. Briefly, Sarcosine
N-carboxyanhydride (Sar NCA) was polymerized in an anhydrous
DMF solution under an inert atmosphere with n-butylamine as the
initiator. The reaction proceeded at 10 °C overnight. Upon
completion, the reaction mixture became clear and full conversion
of the monomer could be detected by IR. Subsequently, Glutamic
acid t-tert-butyl ester NCA, dissolved in anhydrous DMF, was
introduced into the reaction mixture and stirred under the same
conditions overnight. The resulting product was precipitated in
diethyl ether, isolated by centrifugation, and dried under vacuum to
yield the block copolymer as a white solid. Yield: 70−90%.

Next, the block copolymer of PSar100-b-PGA15OtBu was dissolved
in trifluoroacetic acid at 0 °C, and the mixture was stirred at 5 °C for
1 h. The reaction mixture was then precipitated in diethyl ether, and
the product was collected by centrifugation and dried under vacuum.
The deprotected block copolymer was isolated as a white solid. Yield:
95%. The product was characterized by size exclusion chromatog-
raphy Mw 9.2 kDa (Mw Salt), PDI: 1.09

2.4. C-TRV3-A Biological Characterization. 2.4.1. Cell Viability
Assay.MDA-MB-231 cells were seeded in 96-well plates (5,000 cells/
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well) and incubated for 24 h at 37° and 5% CO2. C-TRV3-A was
added at a 0−1 mg/mL concentration range. Cell viability was
assessed using the MTS/PMS assay after 72 h of incubation, with
absorbance measured at 490 nm.
2.4.2. Cellular Uptake Studies. Confocal microscopy (Leica TCS

SP8) was used to study the cellular uptake of C-TRV3-A in MDA-
MB-231 cells. Cells were seeded in 384-well plates and incubated with
nontoxic concentrations of C-TRV3-A. MitoTracker and LysoTracker
were used to label mitochondria and lysosomes. Pulse-chase and time-
lapse studies were conducted over various time points (1, 2, 4, 6 h for
pulse-chase and every 20 s over 10 h for time-lapse studies). Images

were processed using LAS X software and the ImageJ-JACoP plugin
for colocalization analysis.

2.5. pDNAluc Polyplex Preparation and Characterization.
2.5.1. Polyplex Formation. Polyplexes were prepared using pDNA-
Luc (P, 200 ng), C-TRV3-A (N, cationic polymer), and VLC-3 (O,
anionic shielding polymer PSar100-b-PGA15) at specified amine to
phosphate (N/P) and oxygen to amine (O/N) ratios. Each
component was diluted in separate tubes with Milli-Q water. N/P
calculations considered only protonable nitrogens, excluding amide
nitrogens, and accounted for PLO functionalization with PEG (3.6
mol %), TRV3 (4 mol %), and Atto488 (1 wt %). Complexation was

Scheme 1. Complete Synthetic Procedure for C-TRV3-A Preparationa

aS1: Nβ-Fmoc-Nω-Boc-L-β-homolysine; S2: Lys-Cy5; S4: Lys-Cy5-TPP; TRV3: Lys-Cy5-TPP−S-S; S6: PLO; C-TRV3: PLO−PEG conjugated
to C-TRV3; C-TRV3-A: C-TRV3 conjugated to Atto488.
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achieved by mixing pDNA-Luc with VLC-3 followed by C-TRV3-A
addition with vigorous pipetting and a 20 min incubation at room
temperature. Size distribution was determined by DLS, and
electrophoresis assays were conducted to ensure polyplex formation.
2.5.2. Polyplex Interaction and Stability Assays. Interactions

between pDNAluc, VLC-3, and C-TRV3-A and polyplex stability
were evaluated using complementary assays. Heparin displacement
assays were conducted by incubating polyplexes with 0.75 and 50 UI/
ml heparin and analyzing nucleic acid release via gel electrophoresis
and ultraviolet illumination. Plasma stability was assessed by
incubating polyplexes in 20% mouse or human serum at 37 °C for
1 h, followed by gel electrophoresis. Stability in cell culture media was
examined by incubating polyplexes in 80% DMEM/F-12 medium
(10% fetal bovine serum (FBS)/1% penicillin-streptomycin (P/S)) at
37 °C for 1 h before gel electrophoresis analysis.
2.5.3. Polyplex Hemocompatibility Assay. Mouse red blood cells

were isolated from fresh blood collected via cardiac puncture. Blood
was diluted with phosphate-buffered saline (PBS; pH 7.4) and then
centrifuged at 3000 rpm for 10 min at 4 °C three times. The final red
blood cell pellet was resuspended to 2% (v/v) in sterile PBS. C-
TRV3-A and polyplex solutions were prepared in PBS (pH 7.4).
Samples were evaluated in triplicate at concentrations of 0.08, 0.04,
and 0.01 mg/mL; PBS and 1% (w/v) Triton X-100 served as negative

control. After a 1-h incubation at 37 °C, plates were centrifuged (3000
rpm, 10 min, room temperature). Supernatants were analyzed for
hemoglobin release by measuring absorbance at 570 nm. The
hemolysis percentage was calculated relative to Triton X-100-induced
complete lysis.
2.5.4. Polyplex Biological Characterization. 2.5.4.1. Cell Viability

in 2D and 3D In Vitro Cell Models.MDA-MB-231 cells were used for
2D and 3D culture viability assays. For 2D cultures, cells were seeded
in 96-well plates (5,000 cells/well) in DMEM (high glucose/no
phenol red with 10% FBS/1% P/S) and incubated for 24 h.
Polyplexes were prepared in PBS and added to wells after a 20 min
incubation. Cell confluency was assessed at 24, 48, and 72 h using
Hoechst 33342 staining, with fluorescence measured at 450 nm. For
3D cultures, cells were seeded in 96-well ultralow attachment plates
(10,000 cells/well) using DMEM (high glucose/no phenol red)
supplemented as described in the ESI. Polyplexes were added as in
the 2D culture setup. After a 24-h incubation, cell viability was
evaluated using an MTS/PMS assay, with absorbance measured at
490 nm. Polyethylenimine (JetPEI, referred to as PEI) (N/P = 1) and
nonformulated pDNA-Luc served as positive and negative controls.
Cell viability was expressed as a percentage relative to untreated
controls, with values representing the mean ± SEM (n > 3).

Figure 1. Physicochemical and biological characterization of C-TRV3-A. A) Chemical structure and schematic representation of C-TRV3-A. B)
Small-angle X-ray scattering (SAXS) data for C-TRV3-A. Intensity expressed as a function of the scattering momentum transfer, q (q = 4πsin(θ)/
λ). C) Transmission electron microscopy (TEM) image of C-TRV3-A, showing a size of 10−20 nm (diameter). Scale bar = 50 nm. D) MDA-MB-
231 cell viability by MTS/PMS in response to C-TRV3-A exposure (IC50 = 0.5 mg/mL, 72 h, n = 3, mean ± SEM). E) TRV3 (bearing Cy5)
release mechanism from C-TRV3-A in MDA-MB-231 cells. Schematic illustration showing TRV3 release from PLO−PEG (labeled with Atto488)
after cytosolic delivery and S−S linker cleavage in a reductive environment. F) Confocal images of MDA-MB-231 cells 4 h post-treatment.
Lysosomes (white, LysoTracker Blue), mitochondria (red, MitoTracker Red CM-H2Xros), TRV3 (blue, Cy5), and PLO−PEG (green, Atto488)
shown. Purple regions indicate TRV3-mitochondria colocalization. Pearson r values calculated using the ImageJ JACoP plugin. Scale bar: 10 μm.
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2.5.4.2. Transfection in 2D and 3D In Vitro Cell Models. MDA-
MB-231 cells were used for both 2D and 3D luciferase expression
assays. For 2D cultures, cells were seeded for 24 h in 96-well plates
(5,000 cells/well) in DMEM (high glucose, no phenol red, 10% FBS,
1% P/S). For 3D cultures, cells were seeded for 24 h in ultralow
attachment plates (10,000 cells/well) in DMEM supplemented as
described in the ESI. Polyplexes were prepared in PBS and added to
wells after a 20 min incubation. PEI-based polyplexes were prepared
according to the manufacturer’s guidelines. Luciferase activity was
measured using Bright-Glo reagent by EnSight Multimode Plate
Reader (535 nm) after 24 h (3D) or 24, 48, and 72 h (2D) of
incubation. Luminescence values were normalized to cell viability and
background subtracted. PEI (N/P = 1) and nonformulated pDNA-
Luc served as positive and negative controls. Results are expressed as
the mean ± SEM (n > 3).

3. RESULTS AND DISCUSSION
3.1. C-TRV3-A Synthesis and Characterization. We

synthesized nanoconjugate C-TRV3-A using a controlled
eight-step procedure (Scheme 1), which involved trivalent
compound TRV3 synthesis and conjugation to the polymeric
carrier (ESI), with each intermediate characterized via 1H
NMR and MS.
The initial coupling of Nβ-Fmoc-Nω-Boc-L-β-homolysine

(Lys derivative, S1) with Cy5-NH2 in anhydrous DMF yielded
Lys-Cy5 (S2) (Scheme S1), which we confirmed by character-
istic 1H NMR signals (Figure S1) and MS fragmentation
patterns (Figure S2). Subsequent Boc deprotection of S2 using
a DCM/TFA mixture produced S3 (85% yield) (Scheme S2;
Figures S3 and S4). We then efficiently conjugated CTPB
(TPP derivative) to S3, forming Lys-Cy5-TPP (S4) (Scheme
S3; Figures S5 and S6). Fmoc deprotection of S4 used a 4:1
mixture of DMF and piperidine (78% yield) (Scheme S4;
Figures S7 and 8). A critical step involved introducing the S−S
linker to S5 using 3,3′-dithiopropionic acid di(N-succinimidyl
ester) to form TRV3 (Scheme S5; Figures S9 and S10). In
parallel, we conjugated MeO-PEG3000-NHS to PLO (Scheme
S6), with PEG functionalization quantified at 3.6 mol %
(Figure S11).
The synthesis proceeded with TRV3 conjugation to PLO−

PEG (S7) (Scheme S7), yielding C-TRV3 (C = nano-
Conjugate) with 4 mol % TRV3 functionalization (Figure
S12). We observed Cy5 loading, determined by fluorescence
spectroscopy, at less than 1 mol % (Figure S13). Finally, we
labeled C-TRV3 with Atto488-NHS (A) to form C-TRV3-A
(Scheme S8) at 90−100% conjugation efficiency and % wt
modification (Figure S14). The careful control of reaction
conditions and thorough purification methods throughout
synthesis ensured product quality.
The comprehensive characterization of all intermediates and

the final nanoconjugate by 1H NMR, MS, and fluorescence
spectroscopy ensured the integrity and functionality of the final
nanoconjugate C-TRV3-A (Figure 1A). Zeta potential
measurements revealed a positively charged compound (7.68
± 0.03 mV), suggesting that TRV3, Atto488, and PEG
functionalization did not fully mask the cationic nature of PLO
and that C-TRV3-A retains potential for electrostatic
interactions with negatively charged compounds29 or cellular
membranes.30 The SAXS pattern for C-TRV3-A exhibited a
slope of approximately −3 in the Porod region (in log−log
scale)31 (Figure 1B), indicating a structure with a dense core.
Although initially developed for linear polymer systems, we
utilized the fractal coil model as a general framework for
estimating polymer size; the lack of significant changes in

polymer structural features upon labeling with Atto488
justified this approach. We found a radius of gyration (Rg)
of C-TRV3-A, calculated using the fractal coil model, of 3.60 ±
0.05 nm. Transmission electron microscopy (TEM) imaging
corroborated SAXS results, revealing an average nanoconjugate
diameter of 5−15 nm (Figure 1C). The slight variation
between SAXS and TEM measurements can be attributed to
the irregular shapes and polydispersity observed in TEM
images, in contrast to the mathematical model applied to the
entire SAXS data set, which assumes a more uniform particle
distribution.32 Even though there is no discrepancy between
the measurements, and they fall within the same range, these
methodological differences account for the minor variations
observed.
The multistep synthesis and thorough characterization of C-

TRV3-A provided a comprehensive understanding of its
structural and physicochemical properties, establishing a robust
basis for subsequent biological evaluations and potential
therapeutic applications.

3.2. TRV3 Release from C-TRV3-A Supports Mito-
chondrial Targeting. Cell viability assays using MDA-MB-
231 cells as a model demonstrated the moderate cytotoxic
profile of C-TRV3-A after a 72-h exposure (IC50 = 0.5 mg/
mL) (Figure 1D), which is likely attributable to C-TRV3-A’s
polycationic nature. After establishing a range of nontoxic
concentrations, we investigated C-TRV3-A cell internalization
and subcellular localization using live-cell confocal fluorescence
microscopy in MDA-MB-231 cells at various time points (1, 2,
4, and 6 h; Figure S15 - pulse-chase study). C-TRV3-A
comprises PLO, a biodegradable polycationic peptide with
endosomal escape properties;15 an S−S linker, reducible in
endocytic compartments rich in glutathione (GSH) and the
gamma-interferon-inducible lysosomal thiol reductase GILT33

(especially in breast cancer34); and CTPB, a widely exploited
mitochondrial targeting moiety18,19 (Schematic illustration,
Figure 1E). The dual-monitoring probe labeling strategy of C-
TRV3-A (Cy5 conjugated to TRV3 and Atto488 conjugated to
PLO−PEG) enabled the observation of TRV3 release via S−S
linker cleavage in the reductive endosomal compartment,
followed by endosomal escape and mitochondrial targeting.
Quantitative image analysis using Pearson’s correlation
coefficient (Pearson r) revealed distinct intracellular local-
ization patterns for TRV3 and PLO−PEG after a 4-h
incubation (Figure 1F). TRV3 demonstrated significant
colocalization with mitochondria (MitoTracker Red), as
indicated by a Pearson r of 0.71, visualized as purple regions
in Figure 1F. Meanwhile, PLO−PEG exhibited minimal
mitochondrial colocalization (Pearson r = 0.06) and non-
significant interactions with lysosomes (LysoTracker Blue),
reflected by a Pearson r of 0.22, suggesting endosomal escape
prior to lysosomal accumulation. These results suggest that
PLO facilitated successful endosomal escape following
endocytosis, while S−S linker reduction ensured TRV3 release,
which CTPB subsequently targeted to the mitochondria. The
successful visualization of the C-TRV3-A internalization
pathway and subcellular targeting corroborated the rational
design of the nanoconjugate.
Our results demonstrate the successful design and

functionality of C-TRV3-A, confirming an ability to undergo
cellular internalization, endosomal escape, and targeted
mitochondrial delivery, thus validating its potential as a
versatile nanocarrier for intracellular drug delivery.
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3.3. Formulation and Characterization of C-TRV3-A-
Based Polyplexes for Nonviral Gene Delivery. To harness
the endosomolytic properties for nonviral gene delivery, we
incorporated C-TRV3-A into polyplexes. Polycationic poly-
mers have been widely explored for the formation of polyplexes
based on electrostatic interactions between the polymer and
negatively charged genetic payloads.35 Specifically, PLO has
been evaluated due to its biodegradability and ability to
condense DNA and facilitate cellular uptake;17,21−24 however,
the relative toxicity of C-TRV3-A, as observed with many
cationic polymers,25−27 could limit applications in gene
therapy. Approaches to mask PLO positive charges and reduce
toxicity include polyplex functionalization with charge-
conversion polymers36 (anionic in the extracellular environ-
ment and cationic in the endolysosomal compartment), the
guanidation of hyperbranched PLO-based polymers,37 or the
formulation of lipoplexes.38

We employed PSar100-b-PGA15 diblock copolymer, a
polyanionic polypeptide VLC-3,28 as a polymeric coating to
improve polyplex stability and safety (see ESI, Scheme S9,
Figure S16). Previous examples exploiting the anionic
mucopolysaccharide hyaluronic acid supported the application
of this strategy,39−41 increasing DNA/PEI polyplex safety while
reducing nonspecific protein interaction and enhancing
transcriptional activity. We formulated polyplexes (C-TRV3-
A-px) using pDNA-Luc (P), C-TRV3-A (N, cationic polymer),

and VLC-3 (O, anionic shielding polymer) at various O/N and
N/P ratios (Figure 2A) in PBS and verified complexation by
shift-gel assay (Figure S17). The Atto488 labeling included in
the C-TRV3-A structure supported the enhanced visualization
of C-TRV3-A-px components in gels and improved the
interpretation of results. We identified an N/P ratio of 1 as
optimal for the interaction between genetic material and
polycationic polymer. Higher N/P ratios (1.25, 1.5, 5, 10, and
15) resulted in excess free C-TRV3-A, as evidenced by
diffusion and smearing in the gel (Figure S17A), which could
induce cytotoxicity. We evaluated the O/P at 0.25, 0.5, 1, and
2, with effective C-TRV3-A-px formation observed across all
tested ratios (Figure S17B). Further characterization focused
on C-TRV3-A-px with an O/P ratio of 0.25 (Px02501, N/P
fixed at 1), demonstrating significantly higher in vitro
transfection efficiency (detailed below). TEM and dynamic
DLS analysis confirmed Px02501 formation, with TEM
imaging revealing a diameter ranging from 40 to 70 nm
(Figure 2B), consistent with DLS measurements that indicated
an average diameter of 51 ± 9 nm (Figure 2C). Zeta potential
analysis further corroborated Px02501 formation, yielding a
value of 0.93 ± 1.8 mV (Figure 2C), which differed
significantly from the 7.68 ± 0.03 mV previously measured
for C-TRV3-A.
The successful formulation of C-TRV3-A-px with optimized

N/P and O/P ratios and their physicochemical character-

Figure 2. C-TRV3-A-based polyplex formation, physicochemical characterization, and stability. A) Schematic representation of C-TRV3-A-px
formation using pDNA-Luc (P, 200 ng/mL), C-TRV3-A (N, cationic polymer), and VLC-3 (O, anionic shielding polymer) at specified amine to
phosphate (N/P) and oxygen to amine (O/N) ratios. B) Transmission electron microscopy (TEM) image of Px02501 (O/N = 0.25, N/P = 1, in
PBS at C-TRV3-A = 0.02 mg/mL) revealed a size of 40−70 nm (diameter). Scale bar = 100 nm. C) Left: Size distribution graph of Px02501
expressed as number of molecules (%) per hydrodynamic diameter (Dh) obtained by dynamic light scattering (DLS) in PBS at C-TRV3-A = 0.02
mg/mL. Right: Hydrodynamic diameter (Dh = 51 ± 9 nm) and zeta-potential (Zpot = 0.93 ± 1.8 mV) analysis of Px02501 determined by DLS.
D) Shift-gel assays of Px02501 prepared using pDNA-Luc (P, 200 ng), C-TRV3-A (N, cationic polymer), and VLC-3 (O, anionic shielding
polymer) in PBS and their stability in cell media (DMEM (high glucose/no phenol red with 10% FBS/1% P/S), mouse plasma, and human plasma.
Polyplexes were incubated for 1 h at 37 °C before heparin addition. pDNA in purple, C-TRV3-A in green, and VLC-3 not visible under an
ultraviolet lamp; therefore, an ultraviolet filter was applied to enhance gel visualization for mouse and human plasma.
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ization provides a promising platform for efficient and safe
nonviral gene delivery, addressing the challenges of toxicity
and stability associated with conventional polycationic systems.

3.4. Assessment of C-TRV3-A-Based Polyplex Stabil-
ity and Hemocompatibility. Next, we conducted stability
studies mimicking in vitro and in vivo conditions to assess the
ability of C-TRV3-A-px to retain and release pDNA-Luc. We
employed heparin displacement assays to assess C-TRV3-A-px
stability and disassembly potential, leveraging the competing
polyanion’s ability to disrupt electrostatic interactions.17,42

Initially, we evaluated C-TRV3-A-px stability in DMEM +
10% FBS using shift-gel assays, as FBS contains abundant
polyanionic molecules (including proteoglycans and glyco-
saminoglycans43) that may compete with polyplex components
and facilitate oligonucleotide release. C-TRV3-A-px (O/P
ratios = 0.25, 0.5, 1, and 2) demonstrated stability after 1-h
incubation at 37 °C, while disassembly occurred upon the
addition of excess heparin (50 IU/ml) (Figure 2D and S18).
To assess the potential for in vivo translation and

intravenous administration, we determined the stability of
Px02501 (O/P = 0.25, N/P = 1) in mouse and human plasma.
Px02501 formulation remained stable after 1-h incubation at

37 °C in mouse plasma (Figure 2D and S19). Notably,
Px02501 demonstrated stability in the presence of up to 0.75
IU/ml heparin, a value significantly higher than average
heparin levels in human plasma (0.15 IU/ml)44 (Figure S19).
As expected, Px02501 disassembled in the presence of excess
heparin (50 IU/ml) (Figure 2D and S19).
To validate the mouse model results, we also confirmed

Px02501 stability in human plasma isolated from three healthy
patients (Figure 2D and S20). Importantly, Px02501
disassembled in the presence of excess heparin (50 IU/ml)
in human plasma (Figure 2D and S20). These results are
particularly relevant considering that patient blood samples
represented diverse physiological conditions. Variability in
plasma components, such as proteins, lipoproteins, and
coagulation factors, can influence protein corona formation,
affecting polyplex stability.45,46 The consistent stability of
Px02501 in these samples suggests robustness in varying
human plasma compositions, highlighting the potential of C-
TRV3-A-px for clinical applications.
To evaluate hemocompatibility, we assessed the potential of

Px02501 to induce the lysis of red blood cells. We conducted
experiments at pH 7.4 to simulate conditions encountered in

Figure 3. In vitro transfection of C-TRV3-A-px in 2D and 3D breast cancer cell culture models. A) In vitro transfection in 2D MDA-MB-231
cell cultures after a 24-h polyplex exposure (O/N ratio = 0.25, 0.5, 1, 2; N/P = 1). B) In vitro transfection in 2D MDA-MB-231 cell culture after a
24-, 48-, or 72-h Px02501 exposure at different pDNA-Luc concentrations (200, 400, 600 ng/mL). C) In vitro transfection in 3D MDA-MB-231
cell culture after a 24-h Px02501 exposure at different pDNA-Luc concentrations (200, 400, 600 ng/mL). Luciferase (Luc) activity quantified by
measuring luminescence at 535 nm. Values normalized to cell viability and background subtracted. PEI (N/P = 1) used as a positive control and
nonformulated pDNA-Luc used as a negative control (CTRL -). Values represent mean ± SEM (n > 3). Significance reported as p****<0.0001;
p***<0.001; p**<0.01; p*<0.05; ns: not significant.
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the bloodstream, extracellular space, and cytosol. We examined
the hemolytic activity of Px02501 across a concentration range
of 0.01−0.08 mg/mL (based on C-TRV3-A content). Results
demonstrated a concentration-dependent hemolytic effect,
with a maximum nonsignificant 20% of hemolysis (Figure
S21). The observed low hemolytic activity suggests that
Px02501 possesses favorable hemocompatibility characteristics,
supporting its potential for future in vivo studies upon
intravenous administration. Based on these findings, we
established a maximum C-TRV3-A concentration of 0.08
mg/mL for subsequent activity experiments to ensure
maintenance within safe hemolytic levels.
Our comprehensive stability and hemocompatibility studies

demonstrate that C-TRV3-A-px exhibit robust stability under
physiological conditions, controlled disassembly in the
presence of competing polyanions, and favorable hemocom-
patibility, collectively supporting their potential for future in
vivo gene delivery applications.

3.5. In Vitro Transfection of C-TRV3-A-Based Poly-
plexes in 2D and 3D Cell Models. After demonstrating the
formation, stability, and hemocompatibility of C-TRV3-A-px,
we aimed to verify their functionality as gene delivery vectors.
To ensure the safety profile of C-TRV3-A-px under varying
conditions (i.e., increased O/P ratio, extended incubation
times, and higher doses), we evaluated cell viability for all
experimental parameters, confirming their nontoxic nature
throughout the study (Figures S22−24).
Initially, we tested the transfection efficiency of C-TRV3-A-

px with different O/P ratios (0.25, 0.5, 1, and 2) in 2D MDA-
MB-231 cell monolayers after 24 h, comparing them to
nonformulated pDNA-Luc (negative control) and PEI at the
same N/P ratio (=1). Our results demonstrated that Px02501
(O/P = 0.25, N/P = 1) exhibited the highest transfection
efficiency, significantly outperforming other polyplexes and the
positive control (Figure 3A). The significant performance
compared to the gold standard PEI (typically evaluated at N/P
ratio >4 in MDA-MB-231 cells47) at the same N/P ratio
highlights the safer profile of C-TRV3-A-px due to the lower
polycationic component concentration.
Next, we evaluated the transfection effectiveness of Px02501

as a function of the transfection time and plasmid dose. We
observed the highest transfection efficiency for Px02501 at an
incubation time of 24 h (Figure 3B). Transfection time
inherently depends on the cell type to be transfected.48

Interestingly, we observed a dose-independent transfection
efficiency, with the highest Luc expression at the lowest
plasmid concentration (200 ng/mL) compared to higher doses
(400 and 600 ng/mL). Lower concentrations may provide an
optimal balance between Px02501 formation and cellular
uptake,49 potentially avoiding aggregation50,51 or saturation of
internalization pathways at higher doses.52

Given the more realistic scenario offered by three-dimen-
sional (3D) cell cultures such as spheroids in terms of cell−cell
interactions and biochemical features53−56 that may influence
the in vitro efficiency of Px02501, we evaluated Luc
transfection in MDA-MB-231 cell spheroids after 24 h. Our
results demonstrate maintained transfection in 3D cell
spheroids, with significant dose-dependent transfection (400
> 200 ng/mL) compared to 2D monolayer cell cultures, which
decreased at the highest tested dose (Figure 3C). The
differential behavior between 2D and 3D cell culture models
underscores the importance of evaluating gene delivery
systems in more physiologically relevant models.

These results demonstrate the efficacy of Px02501 as a gene
delivery vector in both 2D and 3D cell culture models,
highlighting their potential as safer and more efficient
alternatives to conventional transfection agents.

4. CONCLUSIONS
We report the design, synthesis, and evaluation of a novel,
versatile, and multifunctional polypeptide-based nanoconjugate
(C-TRV3-A) for combined mitochondrial targeting and
nonviral gene therapy. The rational chemical design,
incorporating a PLO backbone, PEG modification, and a
custom-designed trivalent compound (TRV3), enabled the
creation of a versatile nanocarrier with controlled multi-
functionality. The strategic inclusion of a redox-sensitive S−S
linker and a TPP moiety facilitated TRV3 release and specific
mitochondrial targeting of a model drug (Cy5). The modular
synthetic approach allowed for precise control over the
product’s chemical identity and degree of functionalization
through exhaustive physicochemical characterization steps,
achieving a 3.6% mol PEG modification, 4% mol TRV3
conjugation, and less than 1 wt % fluorophore functionaliza-
tion. The resulting nanoconjugate exhibited endosomal escape
properties while retaining mitochondrial targeting capabilities.
By incorporating an anionic polypeptide (VLC-3, Psar100-b-
PGA15) shielding into the polyplex formation procedure, we
further enhanced stability and transfection efficiency while
mitigating toxicity concerns associated with polycationic
polymers. In vitro evaluations in 2D and 3D cancer cell
models revealed the superior performance of C-TRV3-A-px
compared to conventional transfection agents. The observed
structure−function relationships, particularly the impact of O/
P and N/P ratios on polyplex stability and transfection
efficiency, provide valuable insight for the rational design of
future polypeptide-based delivery systems. This versatile
platform opens new possibilities for tailored therapeutic
approaches; future investigations should focus on in vivo
validation, exploration of alternative payloads for mitochon-
drial-specific therapy, and the delivery of specific nucleic acid
species (e.g., small interfering RNA) for cancer treatment.
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