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Abstract

Vascular inflammation and endothelial dysfunction are key drivers in the development of
cardiovascular and neurovascular diseases. Mitochondrial dysfunction and oxidative stress
further amplify inflammatory cascades, emphasising the need for targeted strategies that
restore endothelial homeostasis at the subcellular level. Hydrogen sulphide (H,S) donors,
such as AP39, offer cytoprotective benefits but are limited by short half-life and rapid release
of the active compound, H,S. We developed poly(lactic-co-glycolic acid) (PLGA) nanoparticles
encapsulating AP39 (PLGA-AP39) to achieve sustained, mitochondria-targeted HS deliv-
ery. Nanoparticles were characterised by size, polydispersity, zeta potential, encapsulation
efficiency, and in vitro release kinetics. Human umbilical vein endothelial cells (HUVEC)
were exposed to TNF-« to induce inflammation, followed by treatment with free AP39 or
PLGA-AP39. Anti-inflammatory effects were assessed by measuring IL-6, IL-8, and TGF-f3
levels. Mitochondrial function was evaluated using a Seahorse XFe24 Analyser, membrane
potential assays, and mitochondrial ROS detection. Moreover, we investigated vascular
function by analysing capillary-like tube formation and wound closure in response to treat-
ments. PLGA-AP39 nanoparticles displayed a uniform size (~227 nm), low PDI, and high
encapsulation efficiency (>78%). Sustained AP39 release was observed over seven days.
Treatment with PLGA-AP39 significantly restored TNF-oa-induced endothelial dysfunction
and reduced TNF-«-induced release of IL-6, IL-8, and TGF-{3 compared to untreated controls.
Seahorse analysis revealed restoration of maximal respiration and increased spare respiratory
capacity. Encapsulated AP39 also preserved mitochondrial membrane potential and reduced
mitochondrial ROS production, demonstrating enhanced protection against inflammation-
induced metabolic dysfunction. This work establishes a novel nanoparticle-based strategy
for prolonged, mitochondria-specific H,S delivery to counteract vascular inflammation and
enhance endothelial bioenergetics. The results from this work are pioneering in the generation
of a novel delivery method for H,S donors employing PLGA and represent a promising
therapeutic avenue for treating chronic vascular inflammatory disorders.

Keywords: PLGA nanoparticles; AP39; hydrogen sulphide donor; endothelial inflamma-
tion; mitochondrial bioenergetics; TNF-«
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1. Introduction

Vascular inflammation and endothelial dysfunction are central processes in the patho-
physiology of numerous diseases, including atherosclerosis, stroke, and neurodegener-
ation [1-3]. In these conditions, the endothelium, a monolayer of cells lining the blood
vessels, becomes compromised, leading to heightened permeability, leukocyte adhesion,
and the perpetuation of inflammatory responses [4]. This cascade of events is further exac-
erbated by the increased generation of reactive oxygen species (ROS), which plays a critical
role in damaging endothelial cells, ultimately contributing to the onset and progression
of these diseases [1,5]. Central to this pathological loop is the role of mitochondria, both
as source and target of ROS [6,7]. Mitochondrial dysfunction amplifies imbalance in ROS,
leading to oxidative stress, reduces ATP generation, and disrupts redox signalling, thus
accelerating endothelial injury [1-3].

Hydrogen sulphide (H;S) is increasingly recognised as a potent cytoprotective gaso-
transmitter with significant implications for vascular health. H,S acts as a signalling
molecule, influencing cellular processes such as vasodilation, apoptosis, ROS quenching
and inflammation [8-10]. In particular, mitochondria-targeted HS donors, such as AP39,
have shown promise in this regard, as they can deliver H,S directly to the mitochon-
dria [11], thus amplifying its therapeutic antioxidant effects while minimising systemic
side effects [12-15]. By delivering H,S directly to the mitochondria, AP39 engages with in-
tracellular targets (mitochondria) with high specificity, leading to enhanced mitochondrial
efficiency, reduced oxidative damage, and improved endothelial function [12,15]. Mecha-
nistic studies have highlighted its role in activating pathways such as PI3K/Akt/eNOS [16],
which further augment nitric oxide (NO) bioavailability, a critical mediator of vascular
health [17]. Other mechanistic studies have shown an anti-inflammatory role for H,S
donors, including their mediated roles in Nrf2 antioxidant response [18], S-sulfhydration
of endothelial nitric oxide synthase (eNOS) [16], and NF-«B inhibition [19]. Despite these
promising attributes, the clinical translation of H,S-based therapies is constrained by the
molecule’s inherent volatility and rapid release of the active compound, H,S [20]. This phar-
macokinetic liability necessitates delivery strategies capable of preserving its bioactivity
while enabling sustained and localised release.

Poly(lactic-co-glycolic acid) (PLGA) polymeric nanoparticles offer a compelling solu-
tion to this challenge [21]. PLGA is an FDA-approved biodegradable and biocompatible
polymer offering controlled release properties. These features make PLGA-based delivery
systems an attractive approach for targeted delivery of small molecules and biologics [21].
When adapted for intracellular delivery, such systems can facilitate cytosolic and organelle-
level access to therapeutic payloads. Palma-Chavez et al. (2021) previously developed a
PLGA-based delivery system where they observed that this delivery method improved
the delivery of nanoparticles (NPs) targeting the endothelium [22]. The use of PLGA to
deliver gaseous donors such as H,S releasing compounds is novel. However, our previous
work has successfully proven PLGA as a suitable carrier for sodium thiosulphate [23]. In
this work, we first reported an optimised method for PLGA preparation suitable for HyS
donors’ delivery. Moreover, we showed that PLGA slows the release of H,S from sodium
thiosulphate while retaining sodium thiosulphate’s pro-angiogenic properties [23].

The integration of PLGA-based delivery with mitochondrial-targeted signalling repre-
sents an underexplored yet highly strategic approach to modulating endothelial inflam-
mation. In this study, we engineered and characterised PLGA NPs encapsulating AP39
and evaluated their ability to modulate inflammatory responses in human endothelial
cells exposed to TNF-«. Here, we report a detailed nanoparticle physicochemical profiling,
in vitro AP39 release kinetics, and functional assays assessing cytokine secretion, mito-
chondrial respiration, membrane potential, and ROS production. Using a combination of
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drug delivery technologies (PLGA) with mitochondrial redox modulation strategy (AP39),
this work establishes a new platform for sustained intracellular delivery of H,S donors
with spatial precision and mechanistic relevance, laying the groundwork for future clinical
applications of H,S therapies in vascular health.

2. Materials and Methods
2.1. Reagents

Poly(lactic-co-glycolic acid) (PLGA) mol wt 30,000-60,000 was obtained from Sigma-
Aldrich, Dorset, England. TNF-oc (#210-TA-005, R&D Systems, Oxford, UK) was dissolved
in PBS with 0.1% BSA. AP39 is a mitochondrial targeted hydrogen sulphide donor consist-
ing of the mitochondria targeting triphenylphosphonium (TPP+) group ester-linked with
the H,S donor ADTOH (5-(4-hydroxyphenyl)-3H-1,2- dithiole-3-thione) by a ten-carbon
alkyl chain [14,24]. AP39 was obtained from Cayman Chemicals, Cambridge, UK.

2.2. Preparation of AP39-Loaded PLGA Nanoparticles (PLGA-AP39)

AP39-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) were prepared
using a single emulsion solvent evaporation method, using our previously described
methods [23]. In brief, PLGA (50:50 lactide:glycolide, 50 mg/mL) was dissolved in
dichloromethane (DCM) over a period of four hours. To initiate emulsion formation
(water-in-oil, W/O), 3 uL of AP39 (1 mg/mL in ethanol) was added dropwise to the DCM
solution, alongside 1 mL of 5% (w/v) polyvinyl alcohol (PVA, aqueous). The mixture was
subjected to ultrasonic agitation using an MSE Soniprep 150 Plus Ultrasonic Disintegrator
(MSE Centrifuges Ltd, Heathfield, East Sussex, UK) (exponential probe tip) at an amplitude
of 16 for 30 s, incorporating 5 s pauses every 10 s to prevent overheating.

Following emulsion formation, the dispersion was stirred overnight in 10 mL of 0.7%
(w/v) aqueous PVA to facilitate solvent evaporation. NPs were subsequently isolated
by centrifugation at 9500 RPM for 10 min (Labnet International, Prism™ R, Labnet In-
ternational Inc., Edison, NJ, USA) and washed thoroughly with cold water to remove
unencapsulated AP39 and residual PVA. The resulting nanoparticle pellet was resuspended
in 5% (w/v) aqueous trehalose, flash-frozen in liquid nitrogen for 1-2 min, and lyophilised
overnight using an Edwards Vacuum Modulyo Freeze Dryer (Edwards Vacuum, Burgess
Hill, UK). Lyophilised samples were stored at -20 °C until further analysis (Figure 1A).
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Figure 1. AP39-loaded PLGA nanofabrication and visualisation. (A) Schematic visualisation of
the PLGA-NP fabrication method employing the single emulsion solvent evaporation technique.
(B) Representative image of PLGA-NPs visualised using STEM, scale bar: 2 pm.

2.3. Characterisation of PLGA Nanoparticles Encapsulating AP39

Characterisation of the NPs, including determination of mean particle size, polydisper-
sity index (PDI), and zeta potential, was conducted using standard protocols established
within our laboratory [23]. Encapsulation efficiency was quantified by dissolving 2 mg
of nanoparticles in 0.1 mL of acetonitrile, followed by centrifugation; the supernatant
was analysed using high-performance liquid chromatography with ultraviolet detection
(HPLC-UV) as we established previously in our laboratory [23].
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Morphological characterisation of the PLGA NPs was performed using scanning trans-
mission electron microscopy (STEM) under environmental scanning electron microscopy
(ESEM) mode on a ThermoFisher Scientific Quattro S microscope (Waltham, MA, USA)
equipped with a field emission filament. A drop of nanoparticle suspension (40 pg/mL) was
placed onto a 200-mesh copper grid coated with holey carbon film. Imaging was carried out
using the STEM3+ detector in Bright Field mode, with an acceleration voltage of 20-30 kV, a
spot size between 2 and 4, and a variable pressure setting between 200 and 750 Pa to minimise
beam damage. A representative image was obtained with a scale bar of 2 pm.

2.4. In Vitro Release Study of AP39 from PLGA-AP39

The release profile of AP39 from PLGA NPs was assessed in phosphate-buffered saline
(PBS, pH 7.4) at 37 °C to simulate physiological conditions. Briefly, 10 mg of lyophilised
PLGA-AP39 were reconstituted in 4 mL of PBS and incubated under gentle agitation. At
predetermined time points (0, 2, 24, 48, and 120 h), 0.5 mL aliquots of the release medium
were withdrawn and immediately replaced with an equal volume of fresh PBS to maintain
sink conditions. Samples were centrifuged to remove residual NPs, and the supernatant
was analysed by HPLC-UV to quantify the amount of AP39 released using protocols
established in our lab [23].

2.5. H»S Release from AP39

Free H,S, a strong reducing agent, reacts with the tetrazolium dye 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma, St. Louis, MO, USA),
resulting in the formation of a purple formazan product [23]. To assess H,S release, HUVEC
were exposed to either formulated PLGA-AP39 or AP39 in solution (0.2 pg/mL). After
the designated exposure times, 100 pL of cell culture media was removed and combined
with 100 pL of MTT (5 mg/mL) for a 3 h incubation. The reaction was conducted in a
humidified incubator at 37 °C with a 5% CO, atmosphere to replicate cell culture conditions
and prevent evaporation. Absorbance changes were measured up to 24 h using a plate
reader at 570 nm. A HjS calibration curve was generated by preparing serial dilutions of
freshly dissolved sodium sulphide (NayS). H,S generation was determined by measuring
the hourly change in absorbance and correlating it to the respective H,S concentrations.

2.6. Endothelial Cell Inflammation Model and Treatment

Human umbilical vein endothelial cells (HUVECSs) were cultured in Endothelial Cell
Growth Medium-2 (EGM-2, Promocell, Heidelberg, Germany) supplemented with 10%
foetal bovine serum (FBS) and 1% penicillin/streptomycin and maintained at 37 °C in a
humidified incubator with 5% CO,.

To induce inflammation, HUVEC were exposed to TNF- (10 ng/mL) for 24 h. Briefly,
HUVEC were seeded in 24-well plates at 5 x 10* cells/well and allowed to reach 80-90%
confluency prior to treatment with TNF-«. After 24 h, supernatant was collected to assess IL-
6, IL-8 and TGF-f3 and confirm inflammation. To assess the effects of AP39 on inflammation,
HUVEC exposed to TNF-« were co-treated with PLGA-AP39 NPs diluted in media for
24 h. In order to achieve a final concentration of AP39 of 0.3 uM, first, PLGA-AP39 NPs
were prepared at a concentration of 5.6 pg/mL of AP39. Next, AP39-PLGA NPs were
subsequently diluted in cell culture media as previously reported in our lab [12]. After 24 h
co-treatment, supernatants were collected for cytokine release analysis.

2.7. Cytokine Release

We evaluated IL-6, IL-8 and TGF-f release using commercially available cytokine
detection kits (IL-6: Human IL-6 DuoSet ELISA Catalog #: DY206; IL-8: Human IL-
8/CXCL8 DuoSet ELISA Catalog #: DY208; TGF-p: Human TGF-beta 1 DuoSet ELISA

https://doi.org/10.3390/ clinbioenerg2010004


https://doi.org/10.3390/clinbioenerg2010004

Clin. Bioenerg. 2026, 2, 4

50f17

Catalog #: DY240), obtained from R&D Systems, Oxford, UK. Briefly, HUVEC were exposed
to TNF-oc and co-treated with PLGA-AP39 and respective controls. Cell media supernatant
was collected after 24 h and stored at —20 °C until ELISA assessments were performed,
following the manufacturer’s instructions.

2.8. Tube Formation Assay

To assess the pro-angiogenic potential of PLGA-AP39, HUVEC were suspended in
standard EGM-2 and plated in growth factor reduced Matrigel (Corning, Flintshire, UK)
-coated 96-well plates at a density of 1 x 10* cells/well and let attach for 1h at 37 °C in a
humidified atmosphere of 5% CO,. Following this, media was replaced with PLGA-AP39,
TNF-« (10 ng/mL), or combination of these treatments, and dissolved in fresh DMEM
containing 0.5% FBS for 4 h. After 4 h, cells were exposed to the fluorescent probe, calcein
AM (1 pg/mL) for 20 min. Following, fluorescent images were taken using a Nikon TiE
fluorescent inverted microscope (Ex/Em: 490/520 nm). The formation of capillary-like
structures was quantified by measuring the total tube length, total branching length and
total segment length using Image] (Fiji Image], version 2.9.0) angiogenesis tool. Results are
expressed in pixels.

2.9. Scratch Assay

Endothelial cell migration was assessed using a standard scratch wound healing assay.
Briefly, HUVEC were seeded at a density of 5 x 10* cells/well in 24-well plates and let
attach until reaching 100% confluence. Once a uniform monolayer was formed, cell cycles
were synchronised by exposing cells to M199 media supplemented with 1% FBS for 1 h at
37 °C in a humidified atmosphere of 5% CO,. Following, a straight scratch was created
across the cell monolayer using a sterile 200 uL pipette tip. Detached cells were removed
by washing twice with sterile PBS. Next, treatments were prepared in EGM-2 media. Cells
were treated with TNF-« (10 ng/mL), PLGA-AP39 or combination of these treatments for
4 h and cells incubated under standard conditions (37 °C, 5% CO,).

Wound closure was monitored by capturing phase-contrast images at 0 h and 4 h using
an inverted microscope (<10 objective). The same wound area was imaged at each time
point. The wound area was quantified using Image]J software by measuring the distance
between wound edges. Migration was expressed as the percentage of wound closure
relative to the initial scratch area, calculated using the following equation:

(Initial wound area — Wound area at time X)

W dcl %) =
ound closure (%) Initial wound area

x 100

2.10. Mitochondrial Bioenergetics

To evaluate the effects of AP39 delivered in PLGA-NP on TNF-a-mediated endothelial
mitochondrial dysfunction, we utilised a Seahorse XFe24 Analyser (Agilent, Cheadle, Cheshire,
UK) following protocols established in our lab [5,13,14]. Briefly, HUVEC were seeded onto
V7 Seahorse 24-well plates at 3 x 10* cells/well and allowed to attach overnight at 37 °C
in a humidified atmosphere of 5% CO,. The following day, HUVEC were treated with
TNEF-o (10 ng/mL), or co-treated with TNF-« and PLGA-AP39 for 24 h and maintained at
37 °C in a humidified atmosphere of 5% CO,. Following this, cells were washed, and media
replaced with non-buffered DMEM (10 mM glucose, 1 mM pyruvate and 2 mM L-glutamine)
to allow temperature and pH equilibrium. Subsequently, we evaluated oxygen consumption
rates (OCR) in real-time using a Seahorse XFe24 Analyser (Agilent, Cheadle, Cheshire, UK).
For this, we utilised the instrument built-in injection port functions to subsequently inject
mitochondprial drugs/inhibitors: oligomycin (O) (1 uM) (Sigma Aldrich, Dorset, UK), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (0.5 uM) (Sigma Aldrich, Dorset, UK)
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and a mixture of rotenone and antimycin A (A/R) (1 uM rotenone and 1 uM antimycin A,
each applied at a final concentration of 1 uM in the assay ) (Sigma Aldrich, Dorset, UK),
which allowed to inhibit complex V (ATP-synthase), depolarise the mitochondrial membrane
and inhibit complex I and III, respectively. As previously described [25], measurements of
OCR following the injection of these drugs/inhibitors, allowed to calculate mitochondrial
respiration parameters: basal and maximum respiration, spare respiratory capacity, ATP-
linked respiration and non-mitochondrial respiration (Supplementary Figure S1). Data was
expressed as the rate of OCR (pmolO, /min) by time. OCR parameters were derived using
the Seahorse XF Cell Mito Stress Test Report Generator (Agilent, Cheadle, Cheshire, UK)
according to manufacturer guidelines. Non-mitochondrial respiration was defined as the
minimum OCR measured following rotenone/antimycin A injection. Basal respiration was
calculated as the last OCR measurement prior to the first injection minus non-mitochondrial
respiration. Maximal respiration was calculated as the maximum OCR following FCCP
injection minus non-mitochondrial respiration. Proton leak was defined as the minimum OCR
following oligomycin injection minus non-mitochondprial respiration. ATP-linked respiration
was calculated as the difference between the last OCR measurement before oligomycin
injection and the minimum OCR after oligomycin injection. Spare respiratory capacity was
calculated as the difference between maximal and basal respiration (Supplementary Figure S1).

2.11. Mitochondrial-Specific ROS

To confirm AP39 antioxidant properties to modulate mitochondrial-specific ROS, we
employed the mitochondrial-specific probe MitoSOX Red (Sigma Aldrich, Dorset, UK).
Briefly, HUVEC were treated with TNF-o (10 ng/mL), or co-treated with TNF-oc and
PLGA-AP39 for 24 h. Following, cells were exposed to 5 uM MitoSOX dissolved in PBS for
30 min at 37 °C in a humidified incubator with 5% CO; protected from light. After, cells
were washed with PBS three times and fluorescence intensity was measured using a Tecan
microplate reader (Tecan Group Ltd., Mannedorf, Switzerland) (Ex/Em:510/580 nm) as
previously established [26]. Fluorescence intensity was normalised to control and expressed
as fold-change relative to control.

2.12. Mitochondrial Membrane Potential

To evaluate changes in mitochondrial membrane potential (A'¥m), we employed the
fluorescent dye, TMRE (Tetramethylrhodamine ethyl ester) (ab113852-TMRE Mitochondrial
Membrane Potential Assay Kit, Abcam, Cambridge, UK). Briefly, 5.0 x 10% cells/well were
plated in 24-well plates and let attach overnight. Following, cells were exposed to TNF-«
(10 ng/mL) or co-treated with TNF-« and PLGA-AP39. After treatment, cells were exposed
to 1 uM TMRE for 30 min and incubated at 37 °C in a humidified incubator with 5%
CO; protected from light. After, cells were washed with PBS three times, followed by
images of fluorescence taken using a Nikon TiE inverted microscope (Nikon, Derby, UK).
Fluorescence intensity was calculated using Image] and results expressed as percentage
of control.

2.13. ATP Levels

ATP levels were determined using the commercially available ATP Determination
Kit (Invitrogen, Carlsbad, CA, USA). Briefly, 1.0 x 10% cells/well were plated in 96-well
plates and let attach overnight. Following, cells were exposed to TNF-« (10 ng/mL) or
co-treated with TNF-a and PLGA-AP39. After treatment, cell supernatant was collected
and processed as per manufacturer’s protocol. Luminescence intensity was read using a
Tecan microplate reader. Readings were expressed as percentage of control.
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2.14. Statistical Analysis

All results are presented as mean =+ standard deviation (SD). All experiments were
performed by duplicate and three independent experiments were carried out for all studies.
For comparisons between two groups, Student’s t-test was used. For comparisons between
three or more groups, one-way ANOVA was performed, followed by Tukey’s multiple
comparisons post hoc test to assess direct differences between individual groups. A value
of p < 0.05 was considered statistically significant. All the calculations were carried out
using Graphpad 10.0.2 (GraphPad Inc., La Jolla, CA, USA).

3. Results
3.1. Characterisation of PLGA-AP39

PLGA-NPs loaded with AP39 were successfully synthesised using a single emulsion
solvent evaporation method (Figure 1A) [23]. Characterisation using dynamic light scatter-
ing (DLS) revealed that the PLGA-NPs had a mean particle size of 226.9 £ 6.0 nm with a
narrow PDI of 0.195 +£ 0.039, indicating a uniform particle distribution. The zeta potential
was +7.0 & 2.5 mV, suggesting moderate colloidal stability. The encapsulation efficiency
of AP39 was measured at 78.2 £ 3.0%, confirming successful drug loading. These results
showed desirable ranges for NPs-based drug delivery systems (Table 1). In order to provide
visualisation, PLGA-NPs were imaged by STEM (Figure 1B). As it can be depicted in the
image, PLGA-NPs displayed a spherical shape. Nonetheless, this representative image
does not constitute a quantitative assessment of particle size heterogeneity.

Table 1. Physicochemical characterisation of PLGA-NPs loaded with AP39.

Parameter Value (Mean + SD)
Particle Size (nm) 226.9 £ 6.0
Polydispersity Index (PDI) 0.195 + 0.039

Zeta Potential (mV) +7.0+2.5
Entrapment Efficiency (%) 782 £3.0

PLGA-NPs were synthesised using a single emulsion solvent evaporation technique. Particle size, polydispersity
index (PDI), and zeta potential (ZP) were measured using dynamic light scattering (DLS). Entrapment efficiency
was determined by HPLC-UV analysis following NPs dissolution in acetonitrile. Data are presented as mean + SD
(n=23).

3.2. Controlled Release of AP39 from PLGA-AP39

Once we confirmed homogenous distribution and size of PLGA-NPs loaded with AP39
(Figure 1, Table 1), we evaluated AP39 release patterns from these NPs and compared these
results against AP39 non-encapsulated (in solution). AP39 in solution and PLGA-AP39
were observed over a seven-day period. Following, AP39 levels were measured using our
established HPLC/UV methods. The release profile of AP39 from PLGA-NPs demonstrated
a sustained and gradual release. Particularly, at the 2 h time point, we observed that
approximately 33.3 & 2.3% of the encapsulated AP39 was released. This increased to
68.2 £ 5.0% by 24 h, indicating a relatively rapid initial release phase. Subsequently,
we observed a slower release pattern, with 80.4 &+ 2.5% and 89.4 £ 1.1% cumulative
release observed at 48 and 120 h, respectively (Figure 2). In contrast, AP39 in solution
displayed a much faster release pattern, with 95 £ 4.58% released at the 2 h time point,
followed by cumulative release of over 95% over the seven-day period (Figure 2). This
behaviour was significantly different to AP39 encapsulated into PLGA-NPs, confirming
that AP39 in solution offers an immediate availability of the active compound, H,S, whereas
encapsulation into PLGA allows a slower, controlled and sustained release.
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Figure 2. PLGA-NPs offer a sustained and controlled release of AP39. Cumulative AP39 release was
determined over a seven-day period and AP39 levels determined by HPLC/UV methods. Data are
presented as mean £ SD (n = 3), *** p < 0.0001.

3.3. H»S Release from PLGA-AP39

Next, we examined the release kinetics of H;S, the biologically active molecule in
AP39, from both the AP39 in solution and PLGA-AP39 throughout a 48 h period. At the
1 h time point, both AP39 in solution as well as PLGA-AP39 displayed similar release
kinetics of H,S with AP39 in solution releasing 9.54 & 2.05% of H;S, while AP39-PLGA
NPs released 7.19 + 1.78%. At 2 h, AP39 in solution showed a maximum release of H,S
with 26.62 £ 3.22%, compared to 6.63 £ 2.16% for the PLGA-AP39 group (Figure 3). From
the 3 h point measurement, it was observed that AP39 in solution released 14.77 & 3.08%
of HjS. Subsequent time points showed the release continue to vary over time showing
13.72 + 1.61% at 4 h and 11.77 £ 1.78% at 6 h. These values show that H,S released from
AP39 in solution have a maximum peak of release at approximately 2 h followed by a
reduction in H;S release leading to 6.57 &+ 2.16% at 24 h and 7.43 & 1.71% over 48 h.

N
iy

- AP39-Solution
= PLGA-AP39

H,S release (uM)
=

Time (hours)

Figure 3. PLGA-AP39 provide a slower, more sustained release of H,S. HUVEC were exposed to
either AP39 in solution or PLGA-AP39. H;S release was assessed over 48 h. Data represent the
mean £ SD from three independent experiments (n = 3).

In contrast to these observations, when we evaluated HjS release from PLGA-AP39,
measured from the 3 h measurement point, we continued to observe a gradual and
sustained increase of H,S release exhibiting 8.68 + 1.71% release at 3 h, followed by
10.75 £ 1.44% of HyS at 4 h and 13.14 4 2.04% at 6 h. At 24 h, PLGA-NPs encapsulating
AP39 displayed the maximum release kinetics for HpS observing 13.31 & 1.43% H,S release.
By 48 h, PLGA-NPs released 11.05 £ 2.36% (Figure 3).

These results demonstrate that AP39 in solution releases the active molecule (H,S) rapidly,
displaying a “burst release” pattern whereas PLGA-AP39 provide a slower and more sustained
release of H,S. These results provide a significant advance in the translation of AP39 towards
clinical use as these observations demonstrate that using PLGA-NPs allows sustained H,S
release and therefore ability to perform its biological actions offering an improved therapeutic
window from administration to effect that extends from 2 h to 48 h.
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3.4. PLGA-AP39 Reduces Vascular Inflammation

Once we confirmed that our approach of encapsulating AP39 into PLG-NPs provided a
sustained release of AP39 and thus, H,S, we investigated whether AP39 anti-inflammatory ef-
fects were retained while delivered in PLGA-NPs. HUVEC were exposed to TNF-o (10 ng/mL)
to establish a pro-inflammatory environment. TNF-o was administered for 24 h at 10 ng/mL
reflecting the existing literature supporting TNF-o-mediated Intercellular Adhesion Molecule
1, ICAM and E-selectin expression [27,28]. Moreover, cells were co-treated with PLGA-AP39.
As observed in Figures 2 and 3, AP39 and thus H;S released from PLGA provided a sustained
and controlled release. The final concentration of AP39 administered to the cell culture was
0.3 uM. We aimed to observe whether this treatment with AP39 would resolve vascular
inflammation by detecting cytokine release in cell supernatant.

We evaluated levels of IL-6, IL-8 and TGF-f3 using ELISA. As Figure 4 shows, TNF-o
(10 ng/mL) induces a pro-inflammatory environment in HUVEC. Levels of IL-6 increased
2.8-fold (70.91 £ 3.7 pg/mL, p < 0.0001) when compared to control (25.83 £ 2.7 pg/mL).
Moreover, when PLGA-AP39 were co-administered alongside TNF-«, we observed a signifi-
cant reduction in IL-6 levels, to levels not statistically different to control (36.8 £ 2.9 pg/mL).
When assessing IL-8 levels, we observed that TNF-« led to a significant increase in IL-8 lev-
els (91.47 £ 8.4 pg/mL, compared to control, 37.42 & 7.4 pg /mL, p < 0.0001) which were sig-
nificantly reduced in the presence of AP39 encapsulated in PLGA-NPs (54.23 £+ 7.4 pg/mL).
Finally, we assessed levels of the pleiotropic cytokine, TGF-f3. In the presence of TNF-«,
TGEF- levels significantly increased (309 £ 21.38 pg/mL, p < 0.0001) compared to control
(104.3 £ 5.1 pg/mL). Similar to our observations with IL-6 and IL-8, in the presence of AP39
encapsulated in PLGA-NPs, TGF-3 levels significantly reduced to 191 & 12.66 pg/mL. We
explored the effects of TNF-a and AP39-PLGA NPs combined treatment on IL-10 levels
(Supplementary Figure 52), and we did not observe changes induced by TNF-« alone,
likely due to IL-10 being produced mainly by macrophages, dendritic cells and regulatory T
cells [29]. These results suggest that AP39 counteract pro-inflammatory effects mediated by
TNF-oc when delivered in PLGA, supporting its delivery within this drug delivery system
as a translational approach aiming to accelerate the use of AP39 as a therapeutic approach
for diseases associated with vascular inflammation.
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Figure 4. AP39 delivered in PLGA-NPs reduce vascular inflammation induced by TNF-a. (A) IL-6, (B) IL-
8 and (C) TGF-{3 levels were detected in cell culture supernatant after exposure to TNF-o (10 ng/mL) or
co-treated with TNF-« (10 ng/mL) and PLGA-AP39 diluted in media to final concentration of 0.3 uM.
Data represent the mean + SD from three independent experiments (1 = 3), *** p < 0.001, **** p < 0.0001.
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3.5. Mechanistic Insights into AP39-Mediated Modulation of Vascular Inflammation

AP39 has been increasingly recognised as an ROS quencher and modulator of cellular
bioenergetics with improved roles within mitochondria, due to its intrinsic ability to
accumulate within this organelle. To confirm whether AP39 delivered in PLGA-NPs was
able to retain AP39 effects on mitochondrial bioenergetics, we used a Seahorse XFe24
Analyser to detect changes in OCR through time and calculate changes in the parameters
of mitochondrial function (Supplementary Figure S1). Figure 5A shows traces of OCR
by time measured in HUVEC exposed to TNF-« alone, PLGA-AP39 alone or TNF-o co-
treated with PLGA-AP39. Figure 5B shows parameters of mitochondrial function calculated
from Figure 5A. As depicted, treatments did not affect basal respiration or proton leak-
linked OCR measurements. This is consistent with a pro-inflammatory environment where
subtle changes in mitochondrial function can be observed before apoptosis is induced. We
observed that TNF-« significantly reduced maximum respiration rates when compared to
cells also treated with AP39 in PLGA-NPs (p < 0.05). Moreover, spare respiratory capacity
was significantly reduced in the presence of TNF-« alone (p < 0.01). The combination of
TNF-« and AP39 in PLGA-NPs yielded no statistical differences. Finally, we detected that
both TNF-« and AP39 in PLGA-NPs provided a significant increase in ATP-linked OCR
compared to control (p < 0.05), suggesting that AP39 promotes mitochondrial respiration
coupled to ATP synthesis as an indicator of enhanced mitochondrial health (Figure 5B).
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Figure 5. TNF-o-mediated mitochondrial dysfunction is partially ameliorated by AP39 delivered in
novel PLGA NPs. (A) Oxygen consumption rates (OCR) were determined in real-time in HUVEC
exposed to TNF-« (10 ng/mL) and or TNF-« (10 ng/mL) in combination with PLGA-AP39 diluted in
media to final concentration of 0.3 uM followed by sequential injections of oligomycin (O), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and mixture of antimycin A and rotenone
(A/R). (B) Parameters of mitochondrial function: basal respiration, maximal respiration, spare
respiratory capacity, ATP-linked OCR and proton leak-linked OCR were calculated from OCR levels
determined in (A). (C) Intracellular levels of ATP, (D) mitochondrial-specific ROS and (E) A¥Ym.
Results are expressed as mean + SD and analysed by one-way ANOVA followed by Tukey’s
multiple comparisons post hoc test to assess direct differences between individual groups. (n = 3).
*p < 0.05,**p < 0.001, and ****p < 0.0001.
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Subsequently, we evaluated ATP levels as well as mitochondrial-specific ROS and
AY¥m as indicative of mitochondrial dysfunction. ATP levels were significantly reduced
in the presence of TNF-« alone (p < 0.001 vs. control). However, we still observed that
TNF-« in co-treatment with PLGA-AP39 displayed a statistically significant difference
when compared to control (p < 0.05) (Figure 5C). A similar observation was perceived when
assessing mitochondrial-specific ROS (Figure 5D). TNF-« alone significantly increased mito-
chondrial ROS (p < 0.001 vs. control). Finally, we assessed A¥Ym using the fluorescent probe,
TMRE. Our results indicate that TNF-« depolarises the mitochondrial membrane potential
(Figure 5E). Changes in AYm are associated with mitochondrial dysfunction and induction
of apoptotic cascade. Although statistically significant differences were still observed when
TNF-o was co-administered with AP39-PLGA NPs, these results suggest that AP39 could
partially prevent apoptosis and further cells’ death under inflammatory environments.

3.6. PLGA-AP39 Ameliorate Vascular Dysfunction Associated with Inflammation

Our previous results suggest that mitochondrial dysfunction is partially restored in
the presence of AP39 under inflammation caused by TNF-x. Our next approach was to
investigate whether this partial restoration would improve endothelial cell function by
assessing angiogenesis and would healing properties mediated by AP39. Angiogenesis
was assessed by measuring branching parameters established in capillary-like structures
formed by HUVEC cultured in the presence of TNF-« and PLGA-AP39 alone or in combi-
nation. Total branching length, total tube length and total segment length were significantly
reduced in the presence of TNF-« alone while co-administration of TNF-« and PLGA-AP39
significantly improved total tube length (p < 0.01 vs. TNF-o). Interestingly, we observed
that AP39-PLGA NPs alone moderately reduce total branching length and total segment
length. These findings suggest that AP39 acts as a stress-responsive mitochondrial modula-
tor rather than a constitutive enhancer of endothelial function (Figure 6). Moreover, we
observed that wound closure was significantly improved when TNF-« was co-administered
with AP39 delivered in PGA-NPs (p < 0.01 vs. TNF-o) (Figure 7). These results suggest that
AP39 is able to improve vascular health in an inflammatory-prove environment established
by TNF-«, suggesting a novel therapeutic avenue to improve vascular health in patients
affected by vascular disorders associated with inflammation.
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Figure 6. PLGA-AP39 partially restores capillary-like tube formation in HUVEC exposed to TNF-a.
(A) Representative images of tube formation assay (x10 objective). (B) Total tube length, (C) total
branching length and (D) total segment length. Results are expressed as mean £ SD and analysed
by one-way ANOVA. (n =3). *p < 0.05,**p < 0.01, **p < 0.001, and **** p < 0.0001.
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Figure 7. PLGA-AP39 restores endothelial cell migration in HUVEC exposed to TNF-a. (A) Repre-
sentative images of time 0 h (scratch generated) and 4 h (after wound closure) of HUVEC exposed
to TNF-« (10 ng/mL) or in combination with PLGA-AP39 (0.3 uM) (%10 objective). (B) Endothelial
migration calculated as percentage of wound closure compared to time 0 h. Results are expressed as
mean * SD and analysed by one-way ANOVA. (n = 3). **p < 0.01.

4. Discussion

In this study, we successfully fabricated and characterised PLGA NPs encapsulating
AP39 (PLGA-AP39) and demonstrated their suitability as a potential intervention for
inflammatory vascular disorders. To our knowledge, this is the first report describing
the use of PLGA NPs for the targeted delivery of the mitochondria-directed H»S donor,
AP39, to counteract TNF-a-induced endothelial inflammation. The data presented here
provide robust evidence of the anti-inflammatory and bioenergetic benefits of PLGA-AP39
in relevant vascular inflammation models. This strategy builds on extensive research within
our group and the wider field, recognising the limitations of conventional H,S donors,
particularly their short half-life, which have hindered clinical translation [20]. PLGA-
AP39 is an innovative approach able to enhance AP39’s therapeutic delivery, prolong its
bioavailability, and enable controlled release, thereby offering compelling new evidence to
support the development of mitochondria-targeted H,S therapies for conditions associated
with chronic vascular inflammation, including diabetes and atherosclerosis.

Characterisation of our PLGA-AP39 provided evidence of a stable and scalable for-
mulation approach. A mean particle size of approximately 226.9 £+ 6.0 nm and a low
polydispersity index of 0.195 + 0.039 are consistent with a uniform dispersal, crucial for
predictable biodistribution and enhanced bioavailability when used in vivo [30]. The de-
fined size observed was within the nano range, and therefore these results are consistent
with the previous literature suggesting that due to the identified size, our PLGA NPs
are expected to carry payloads effectively while being able to penetrate the endothelium
for effective intracellular targeting [22]. Size distribution is an important parameter for
consideration in further translational and clinical development; therefore, future work
would further require optimisation before in vivo or clinical translation studies begin. Ad-
ditionally, zeta potential of +7 mV suggests that these NPs will maintain moderate stability
in suspension, which is vital for their performance in biological environments. Moreover,
we observed an encapsulation efficiency of 78.2%. Our lab previously demonstrated en-
capsulation efficiencies for other H,S donors ranging from 65 to 85% [23]. Moreover, other
authors have shown variable encapsulation efficiencies for hydrophobic molecules with
values of approximately 67% in similar sized PLGA NPs (~193 nm) [22]. Therefore, an en-
capsulation of 78.2% suggests that our loaded method is effective. Taken together, the size
and encapsulation efficiency observed suggests the suitability of PLGA as a viable vehicle
for sustained drug release allowing higher capacity for encapsulation of the payload [22].
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The release kinetics of AP39 from the PLGA NPs exhibited a controlled, sustained
release profile when compared with the rapid release observed for AP39 in solution. This
behaviour aligns with the purpose of utilising PLGA NPs for prolonged therapeutic activity,
which is particularly advantageous in clinical applications where steady drug levels are
required to exert therapeutic effects without toxicity [30]. Such controlled kinetics are vital
for maintaining therapeutic drug concentrations within a safe and effective window [30],
especially for gaseous mediators like HyS that are otherwise rapidly cleared in vivo. The
cumulative release data observed over seven days showed that PLGA-AP39 transitioned
from an initial rapid release phase (as observed with AP39 in solution) to a slower, sus-
tained phase. Our observations are consistent with our previous efforts to improve the
release of the active metabolite, H,S, when employing H,S donors, ADTOH and sodium
thiosulphate [12,23]. We have previously shown that PLGA NPs sustain the release of H,S
from sodium thiosulphate [23] while liposome encapsulation of AP39 delayed the release of
both AP39 and H,S [12]. This controlled release can potentially minimise side effects while
maintaining efficacy, a principle that is especially relevant in treating chronic inflammatory
conditions [30]. Moreover, given the fact that H»S can exert biphasic effects on cellular
health, particularly by disrupting the mitochondrial function at level of complex IV when
in high concentration [31], our work here offers a solution to constrains in the translation of
H,S donors, such as AP39, to the clinic. Using PLGA NPs for the delivery of AP39 and thus
H,S might lead to reduced dosing frequency and minimised systemic side effects when
used to treat human conditions.

The biological implications of our findings were investigated through the assessment
of vascular inflammation responses mediated by TNF-o in endothelial cells. Induction of an
inflammatory environment by TNF-« is a well-characterised method for pro-inflammatory
cytokine production, serving as a suitable in vitro model to investigate inflammatory
pathways and therapeutics [32]. Our results demonstrate that PLGA-AP39 successfully
attenuated TNF-a-induced secretion of pro-inflammatory cytokines, including IL-6, IL-8,
and TGF-f, suggesting that the anti-inflammatory properties of AP39 were preserved
despite their encapsulation in PLGA and sustained due to the controlled release properties
observed. These results are consistent with our previous reports on sodium thiosulphate
mediated pro-angiogenic effects when delivered in PLGA NPs [23]. Moreover, other groups
have shown the potential of H,S donors to attenuate inflammation [33-38]. Although these
investigations were carried out using HyS donors not encapsulated into NPs, our obser-
vations are consistent with this extensive literature highlighting the anti-inflammatory
properties of HyS donors. This evidence supports the notion that the PLGA platform not
only serves as a functional drug delivery system but also effectively preserves the pharmaco-
logical activity of AP39 against inflammation, which could provide a significant therapeutic
advantage in the management of vascular diseases exacerbated by inflammatory processes,
including conditions such as diabetes and atherosclerosis.

Mechanistically, our exploration into the effects of AP39 on mitochondrial bioenerget-
ics suggests an enhancement in respiratory function when delivered in the PLGA format.
Observations of improved maximum respiration rates and spare respiratory capacity when
using PLGA NPs highlight the potential metabolic benefits of AP39 that are crucial in
mitigating the bioenergetic impairments often seen in inflammatory states [11]. Our results
here are consistent with our previous work on AP39 where we confirmed the bioenergetic
protection that AP39 provides to mitochondria due to its ROS quenching properties, similar
to observations reported elsewhere, and investigated under inflammatory-prone environ-
ments [11,14,39]. PLGA-AP39 increased ATP generation, mitigated mitochondrial ROS
generation and modulated the A¥Ym. These effects have been previously reported [11,14]
and in this study, we were able to confirm that encapsulation in PLGA NPs retains the
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antioxidant properties provided by AP39, suggesting its bioavailability and efficacy re-
main unaltered when delivered in these NPs. Together, these observations suggest that
mitochondria-targeted delivery of AP39 does not merely mitigate inflammatory pathways
but actively reprograms cellular bioenergetics towards a more homeostatic state. These ob-
servations hold particular promise for diseases where metabolic dysfunction and oxidative
stress are central drivers of pathology, beyond chronic vascular inflammation.

Consistent with endothelial dysfunction, exposure to TNF-« alone significantly re-
duced total branching length, total tube length, and total segment length in HUVEC-derived
capillary-like networks. Notably, co-administration of TNF-« and PLGA-AP39 significantly
improved total tube length compared with TNF-« alone, indicating partial restoration of
angiogenic competence under inflammatory conditions. In contrast, treatment with PLGA-
AP39 alone resulted in a modest reduction in total branching length and total segment
length under basal conditions. These findings underscore the context-dependent nature of
mitochondria-targeted H,S delivery. Rather than acting as a constitutive pro-angiogenic
stimulus, AP39 appears to function as a stress-responsive mitochondrial modulator that
preserves endothelial functional capacity under inflammatory conditions. Despite these
encouraging findings, several limitations should be acknowledged. First, this study was
conducted in vitro, using a well-established human endothelial cell line under a controlled
inflammatory stimulus. While these models offer critical mechanistic insights, they cannot
fully replicate the complexity of vascular inflammation in vivo, where multiple cell types,
hemodynamic forces, and immune interactions contribute to disease progression. Moreover,
although our results strongly suggest that AP39 exerts protective effects via mitochondrial
pathways, further mechanistic studies are necessary to attribute AP39 an anti-inflammatory
role, including mediated roles of the Nrf2 antioxidant response [18], S-sulfhydration of
endothelial nitric oxide synthase (eNOS) [16], and NF-«B inhibition [19]. Nonetheless,
establishing these molecular mechanisms was beyond the scope of our study. Therefore,
further in vivo studies would validate the therapeutic promise of PLGA-AP39 in relevant
animal models of vascular inflammation and endothelial dysfunction where an assessment
of pharmacokinetics, biodistribution, mitochondrial targeting efficiency, and the impact
on vascular integrity under pathological conditions such as diabetes and atherosclerosis
would consolidate AP39 as an emerging therapeutic strategy to resolve inflammation.

Our findings open avenues for advanced nanomedicine solutions that combine
organelle-specific targeting with controlled release employing polymeric nanocarriers
and their use in the management of vascular and metabolic diseases where inflammation
and mitochondrial dysfunction converge.

5. Conclusions

PLGA-AP39 nanoparticles are a novel strategy for resolving endothelial inflammation
through targeted modulation of mitochondrial bioenergetics in a platform that offers
controlled release while maintains targeting properties of AP39. This study provides
foundational evidence for mitochondrial drug delivery using PLGA NPs and showcases
its potential for resolving inflammatory vascular pathologies. PLGA-AP39 addressed key
limitations associated with the short half-life and rapid clearance of conventional H,S
donors. Our findings highlight the therapeutic potential of combining advanced polymeric
nanocarriers with organelle-targeted gasotransmitters to modulate vascular inflammation
at its metabolic roots. Together, this work provides a strong proof of concept for a sustained,
mitochondria-directed strategy to improve endothelial resilience and vascular health,
setting the foundation for translational applications for AP39 as a mediator of chronic
vascular inflammation disorders, including diabetes and atherosclerosis.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ clinbioenerg2010004/s1, Figure S1: Diagram representing oxygen
consumption rates (OCR) measured in real-time using a Seahorse XFe24 Analyser. Sequential injections
of drugs/modulators: oligomycin, (O) (1 M), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) (0.5 uM) and a mixture of rotenone and antimycin A (A/R) (1 uM) systematically modulate
mitochondrial function by inhibiting complex V (ATP-synthase), depolarising the mitochondrial mem-
brane and inhibiting complex I and III in mitochondria, respectively. The diagram illustrates calculations
of parameters: basal and maximum respiration, spare respiratory capacity, ATP-linked respiration and
non-mitochondrial respiration.; Figure S2: IL-10 levels in HUVEC exposed to TNF-oc and PLGA-AP39.
IL-10 levels were measured in cell culture media after exposure to TNF-« (10 ng/mL) or co-treated with
TNF-oc and PLGA-AP39 diluted in media to final concentration of 0.3 M.
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Abbreviations

A/R Mixture of rotenone and antimycin A
ADTOH 5-(4-hydroxyphenyl)-3H-1,2- dithiole-3-thione
EGM-2 Endothelial Cell Growth Medium-2

eNOS Endothelial nitric oxide synthase

ESEM Environmental scanning electron microscopy
FCCP Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
HPLC-UV High-performance liquid chromatography with ultraviolet detection
HUVEC Human umbilical vein endothelial cells
Hydrogen sulphide Hj,S

Na,S Sodium sulphide

NO Nitric oxide

NPs Nanoparticles

(@) Oligomycin

OCR Oxygen consumption rates

PBS Phosphate-buffered saline

PDI Polydispersity index

PLGA Poly(lactic-co-glycolic acid)

PVA Polyvinyl alcohol

ROS Reactive oxygen species

SD Standard deviation

STEM Scanning transmission electron microscopy
TMRE Tetramethylrhodamine ethyl ester

TNF-o Tumour necrosis factor alpha

TPP+ Triphenylphosphonium

Ym Mitochondrial membrane potential
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