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ARTICLE INFO ABSTRACT

Keywords: Lung cancer is one of the most lethal cancers globally, primarily due to delayed diagnosis and lack of specific and
Non-small-cell lung carcinoma (NSCLC) effective therapy. Increased lactate production and consumption, along with cysteine metabolic reliance, are
Metabolic remodeling features identified in NSCLC in our recent studies. Cancer metabolic remodeling leads to excessive ROS pro-

Selenium-containing chrysin (SeChry)

duction, triggering oxidative stress, promoting angiogenesis, causing cellular and tissue damage, and contrib-
Fourth-generation polyurea dendrimer » tiggering > P g anglog 4 & 8¢,

functionalized with lactic acid (PUREqs-LAg) uting to various pathophysiological changes. This study aimed to investigate the therapeutic potential of
Reactive oxygen species (ROS) selenium-chrysin (SeChry), a cysteine metabolism inhibitor, and its delivery targeted at MCT1 by encapsulation
Oxidative stress-induced ferroptosis in fourth-generation polyurea dendrimers functionalized with lactic acid (PUREGg4-LA24), the nanoformulation
Metabolism-directed therapy SeChry@PUREGg4-LA24, in NSCLC. We explored the impact of SeChry nanoformulation on cell death mechanisms,
including ferroptosis, and its influence on angiogenesis in in vitro and in vivo models. SeChry@PUREg4-LAg4
induces cell death through the induction of intracellular ROS and lipid peroxides, resulting in distinct expression
patterns of ferroptosis-associated genes across cell lines. Experiments using chicken embryo chorioallantoic
membrane (CAM) and mouse orthotopic xenograft models revealed a trend toward decreased tumor growth and
angiogenesis with SeChry@PUREg4-LAy4 administration. These findings suggest the potential of
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SeChry@PUREg4-LAy4 as an innovative therapeutic approach for NSCLC, highlighting its impact on cell death
mechanisms and anti-angiogenic effects.

1. Introduction

Lung cancer is the most commonly diagnosed cancer and the leading
cause of cancer-related deaths globally, accounting for 11.4 % of all
cancer cases and 18.0 % of all cancer deaths in the year 2020 [1].
Non-small-cell lung carcinoma (NSCLC) constitutes approximately 85 %
[2] of lung cancer cases and is the primary focus of research. For stage I
or I NSCLC, the first-line treatment involves surgical resection of the
tumor along with adjuvant therapy [3]. Conversely, as the disease
progresses or is diagnosed at stage III or IV, the therapeutic approach
transitions towards chemotherapy, radiotherapy, targeted therapy, or
immunotherapy [4-6]. Nevertheless, conventional chemotherapeutic
agents share common limitations, such as non-specific targeting, low
bioavailability, and the emergence of drug resistance, thereby con-
straining their overall efficacy in cancer treatment [7]. Inmunotherapy
has brought new hope to NSCLC; however, only 35 % of patients with
advanced disease experience improved outcomes [8,9].

Imbalances in redox equilibrium and disrupted redox signaling,
common traits in tumors, play crucial roles in malignant progression and
treatment resistance [10]. Carcinoma cells, often characterized by
persistent high levels of ROS resulting from genetic, metabolic, and
microenvironmental alterations, counterbalance this by enhancing their
antioxidant capacity [11]. This seemingly paradoxical pro-oxidant shift
can drive tumor growth by inducing DNA damage and genomic insta-
bility, triggering inflammatory responses, stabilizing HIF1la, and sub-
sequently reprogramming metabolism [12,13]. The sustained
production of ROS in malignant cells creates selective pressure, leading
to the development of efficient mechanisms for ROS detoxification,
providing a survival advantage under pro-oxidizing conditions [14].
Exploiting the dependency of cancer cells on their antioxidant systems
becomes crucial for inducing targeted cell death. This involves elevating
oxidative stress beyond the toxicity threshold, a strategy that selectively
affects cancer cells while sparing normal cells characterized by lower
intracellular ROS levels [15]. The dual nature of ROS, functioning both
as regulators of cellular physiology and inducers of cytotoxicity, de-
pends on variables like magnitude, duration, and the site of their gen-
eration [16]. Understanding and manipulating these intricate processes
present avenues for targeted interventions in cancer therapy.

The reciprocal interaction among malignant cells, endothelial cells
(ECs), and other microenvironmental components can mutually influ-
ence angiogenesis, cell proliferation, tumor growth and dissemination
[17]. ROS can selectively activate specific signaling pathways, playing a
role in tumor development by regulating cellular proliferation, pro-
moting angiogenesis, and facilitating metastasis [18,19]. Angiogenesis
refers to the formation of new blood vessels originating from
pre-existing vasculature, playing a crucial role in both normal physio-
logical processes and pathological conditions [20]. Its substantial in-
fluence is evident in the progression and metastasis of various types of
cancer, namely in NSCLC [21,22]. Elevated levels of ROS, including
superoxide and hydrogen peroxide, have been identified as signaling
molecules involved in mediating several tumor growth-related re-
sponses, such as angiogenesis and mutagenesis [23]. Vascular endo-
thelial growth factor (VEGF), a crucial angiogenesis growth factor,
stimulates endothelial cell permeability, proliferation, migration, and
tube formation primarily through the VEGF receptor 2 (VEGFR2) [24,
25]. Oxidative stress has been observed to upregulate VEGF expression
in tumor cells, contributing to increased microvessel counts and poorer
prognosis in various neoplasias [26]. Cancer neoangiogenesis appears to
exhibit greater responsiveness to oxidative stress compared to physio-
logical angiogenesis [27]. This heightened sensitivity is attributed to the
metabolic remodeling of malignant cells and tumor-associated stromal

cells, contributing to the establishment of a pro-oxidative tumor
microenvironment [28]. At the molecular level, ROS inhibit prolyl hy-
droxylases (PHDs), resulting in the stabilization of HIF1a. Consequently,
this stabilization leads to the transcription of VEGF and other proan-
giogenic factors [29,30].

The oxidative stress-dependent generation of lipid peroxides is a
fundamental aspect of ferroptosis, a recently discovered process of
programmed cell death. In this mechanism, iron ions (Fe? *) undergo a
Fenton-like reaction, generate free radicals, and promote lipid peroxi-
dation, elevating ROS levels while depleting intracellular GSH. This
depletion, in turn, impairs the activity of glutathione peroxidase 4
(GPX4), a GSH-dependent hydroperoxidase responsible for scavenging
lipid peroxides [31,32]. ROS-induced lipid peroxidation directly dam-
ages membranous phospholipids and can also function as a cell death
signal [33]. Ferroptosis is not strictly confined to cell death but can also
be associated with the regulation of various biological and pathophys-
iological processes, including carcinogenesis [31,34].

We previously reported that selenium-chrysin (SeChry), a modulator
of cysteine catabolism and intracellular availability, induced notable
metabolic shifts, impacting crucial pathways and key metabolites,
thereby contributing to disruptions in redox homeostasis and cellular
biosynthesis and ultimately to NSCLC cell death [35]. However, its po-
tential involvement in ferroptosis in NSCLC remains unknown. NSCLC is
highly heterogeneous, both at the molecular and histological levels [36].
Despite the diversity in adaptive metabolic profiles among NSCLC cells,
the production and consumption of lactate serve as defining features for
specific cellular subsets [37]. The movement of lactate across the plasma
membranes is primarily facilitated by monocarboxylate transporters
(MCTs) belonging to the SLC16 solute carrier family [38,39]. We
revealed that the use of SeChry nanoencapsulated in polyurea den-
drimers functionalized with lactic acid (SeChry@PUREg4-LA24),
showing specificity to malignant cells expressing MCTs, is a promising
treatment approach for NSCLC.

Owing to its distinctive properties, nanodelivery systems prevent
therapeutics degradation [40]. These systems not only precisely deliver
anticancer drugs to tumor sites but also minimize non-specific harm to
the target tissue, thereby enhancing anticancer efficacy [41-44].
Nanocarrier-based drug delivery represents a novel strategy for NSCLC
treatment, offering benefits such as improved drug bioavailability in the
body, enhanced safety through site-specific drug delivery, and the
ability for sustained and controlled release during targeted drug delivery
[45-47]. Moreover, inhalation nano-based drug delivery systems
represent an emerging therapy offering a new way to treat NSCLC.
Inhalation chemotherapy presents notable advantages over intravenous
chemotherapy, as the lungs provide optimal conditions for efficient mass
transfer, facilitating drug permeation into the bloodstream [48].
Furthermore, it reduces the clinical response time and systemic/whole
body exposure to drugs, thereby minimizing side effects and adverse
reactions [49]. Consequently, dry powder formulations containing
SeChry@PUREg4-LA24 nanoparticles for pulmonary delivery could serve
as an innovative therapeutic approach in the treatment of NSCLC.

Here, we explored the therapeutic potential of SeChry and
SeChry@PUREg4-LA24 in NSCLC, focusing on their effects on malignant
cell death mechanisms, including ferroptosis, and their influence on
angiogenesis in both in vitro and in vivo models. The use of encapsulated
SeChry (SeChry@PUREg4-LA24) addresses its inherent toxicity toward
non-cancerous cells, as demonstrated in our previous studies with
nanoparticles functionalized with folate [50,51]. By loading SeChry into
lactate-functionalized nanoparticles, we achieved two critical objec-
tives: first, we reduced off-target toxicity; second, we enhanced selective
delivery to cancer cells, which overexpress monocarboxylate
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transporters (MCTs) compared to normal cells.
2. Materials and methods

Cell lines and culture conditions

Human adenocarcinoma cell lines A549 (CCL-185™, ATCC), H1975
(CRL-5908™, ATCC), and H522 (CRL-5810™, ATCC), adenosquamous
carcinoma cell line H596 (HTB-178™, ATCC) and mucoepidermoid
carcinoma cell line H292 (CRL-1848™, ATCC) were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA) and
adenocarcinoma cell line PC-9 (90071810, ECACC) was obtained from
European Collection of Authenticated Cell Cultures (ECACC, Porton
Down, Salisbury, United Kingdom). The selected NSCLC cell lines pre-
sent different mutational profiles for EGFR and KRAS: A549 cells (EGFR
WT and KRAS c.34 G > A (p.Gly12Ser); H292 cells (EGFR WT and KRAS
WT), PC-9 cells (EGFR exon 19 deletion (Ex19Del; Glu746-Ala750
deletion) and KRAS WT). The cell lines represent the main NSCLC his-
tological types: LUAD (A549 and PC-9) and LUSC (H292). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium 1 x (DMEM)
(41965-039, Gibco, Life Technologies) supplemented with 10 % fetal
bovine serum (FBS; S 0615, Merck), 1 % Antibiotic-Antimycotic (AA;
P06-07300, PAN Biotech) and 50 pg/mL Gentamicin (15750-060,
Gibco, Life Technologies). HUVECs (CRL-1730, ATCC) were cultured in
Endothelial Cell Growth Basal Medium-2 (EBM-2: CC-3156, Lonza,
Bioscience) supplemented with EGM-2 SingleQuots Supplements (CC-
4176, Lonza, Bioscience), on 0.2 % gelatin-coated plates or flasks. All
experiments with the HUVECs were performed until passage 10.

All cell lines were maintained at 37 °C in a humidified environment
with 5 % COs. Cells were cultured until they reached an optical
confluence of 75-100 %, and detachment was performed with 0.05 %
trypsin-EDTA 1 x (25300-054, Invitrogen). Before any in vitro experi-
ment, cells were synchronized under starvation (FBS-free culture me-
dium) overnight, except for cytotoxicity assays. NSCLC cells were kept in
control conditions or exposed to SeChry or SeChry@PUREg4-LAy4 for
48 h for cytotoxic assays. The concentrations for each cell line were
chosen according to the previously determined half-maximum effective
concentrations (ECsg) [35,50], for SeChry, A549 (5 pM), H292 (10 pM),
and PC-9 (23 pM); and for SeChry@PUREg4-LA24, A549 (100 pM), H292
(50 pM), and PC-9 (43 pM). HUVECs were exposed to SeChry (12.5 pM)
and SeChry@PUREg4-LAg4 (25 pM) based on the determined ECsqg
(Supplementary Fig. 1). HUVECs were also exposed to filtered condi-
tioned media (CM) from H292 and PC-9 cells previously treated with
SeChry and SeChry@PUREg4-LAy4 for 48 h. In some assays, HUVECs
were exposed to lactate or CM from NSCLC cells treated with lactate for
24 h. In some assays, cells were pre-treated with the apoptosis inhibitor
ZVAD-FMK (MedChemExpress, HY-16658B, 50 uM), or the ferroptosis
inhibitor ferrostatin-1 (Fer-1; Sigma-Aldrich, SML0583, 1 uM) for 2 h
before the addition of SeChry or SeChry @PUREg4-LA2g4.

2.1. Synthesis of PUREg4-LA24 nanoparticles

Lactic acid-targeted polyurea dendrimer generation four (PUREgy-
LAy4) was prepared by reacting polyurea dendrimer generation four
(PUREg4), obtained using a supercritical-assisted polymerization pro-
tocol [52], with activated lactic acid succinic ester (LA-NHS). LA-NHS
was synthesized according to the literature [53]. Typically, in a
round-bottom flask, 41 mg (0.456 mmol) of lactic acid (LA) was dis-
solved in dry DMF (5 mL). After the addition of 105 mg (0.908 mmol) of
N-hydroxysuccinimide (NHS), 103.6 mg (0.502 mmol) of N,N’-dicy-
clocarbodiimide (DCC), and 0.140 mL (1.04 mmol) of triethylamine
(TEA), the reaction was stirred at RT overnight in the dark. After this
period, TEA was evaporated and 150 mg (0.019 mmol) of PUREg4 in dry
DMF (0.75 mL) and 0.140 mL (1.04 mmol) of TEA were added and
allowed to react overnight.

The mixture was then filtered to remove precipitated solids and TEA
was evaporated. The solution was then dialyzed (MWCO 100-500 Da),
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and the recovered solution was washed several times with diethyl ether
to remove residual DMF. After water evaporation, 194 mg (quantitative
yield) of the product was obtained as a light-yellow sticky oil. By ‘H-
NMR analysis a total of 24 lactate molecules (50 %, PUREGg4 has 48
available reacting amines at the surface) were incorporated on the
dendrimer surface (Supplementary Fig. 2). TH-NMR (400 MHz, D;0O) &
(ppm): 4.08 (24H, q, J= 8.0 Hz, CH lactate), 3.33-3.17 (280H, m,
dendrimer), 2.99 (bs, OH lactate), 2.83 (bs, OH lactate), 2.76-2.61
(360H, m, dendrimer), 1.96 (bs, NH dendrimer), 1.30 (72H, d, J=
8.0 Hz). Further characterization of single particle size and charge (DLS
measurements using diluted solutions) was precluded by the formation
of aggregates in aqueous solution (mean size ~396 nm, { =
+5.1 £ 0.4 mV). We attribute this behaviour to intermolecular hydrogen
bonding among surface lactates. In contrast to the behaviour of typical
colloidal particles, dendrimer aggregation in aqueous solution is more
pronounced at low ionic strengths, attributed to the interpenetration of
dendrimer branches at low ionic strengths [54].

2.2. Preparation of the SeChry@PUREg4-LA24 nanoformulation

SeChry was encapsulated in PUREg4-LAg4 nanoparticles following a
modified protocol [55]. Briefly, a CHCl3 solution (0.5 mL) of SeChry
(6.5 mg) was added to an aqueous solution (2 mL) of PUREg4-LAg4
(125 mg). Next, CHCl3 was removed in a rotary evaporator, and the
mixture was allowed to stir at RT overnight. Then, the aqueous solution
was extracted with CHCl; to remove non-encapsulated SeChry. No
SeChry was found in the CHCl3 extracts (control by thin-layer chroma-
tography, TLC), thus confirming a full encapsulation, and indicating
passive, hydrophobic partitioning into the dendrimer. A maximum drug:
dendrimer ratio matching the loading observed for other small hydro-
phobic cargos in PUREG4 systems was maintained. We have previously
shown that small-molecule release from PUREGg4 dendrimers follows a
Fickian diffusion, with ca. 90 % of payload released within 8 h [55].

2.3. Preparation of nano-in-micro SeChry@PUREg4-LA24 dry powder

The preparation of the dry powder for in vivo inhalation studies
followed our reported protocol [56]. Briefly, 3.6 g of chitosan (CHT)
were dissolved in acidic water (acetic acid 1 % v/v) under stirring for
24 h. The solution was filtered, and 525 mg of the SeChry @PUREg4-LA24
(containing 50 mg of encapsulated SeChry) previously dissolved in
20 mL of ethanol were added. The mixture was homogenized under
stirring and fed to a laboratory-scale of the supercritical assisted spray
drying (SASD) apparatus. The atomized particles from the flow stream
were collected at the bottom of the cyclone in a suitable container (m=
0.795 g). The same procedure was used to prepare the control particles,
using CHT (3.3 g) and PUREG4-LAy4 (447 mg dissolved in 20 mL of
ethanol) (m= 1.041 g). As described [55], the nanoformulation pre-
pared according to this protocol presents the emitted doses (EDs)
ranging from 99.1 + 0.3 % to 99.6 + 0.4 %, indicating excellent aero-
solization efficiency. The fine particle fraction (FPF), representing the
proportion of particles capable of reaching the alveolar region (deep
lung), is about 28 %. These values are consistent with those reported for
a commercially available dry powder inhaler (DPI) [57].

2.4. Cell death analysis

Cell death was assessed by flow cytometry. Cells (2 x 10° cells/mL)
were seeded in 24-well plates and exposed to specific conditions. After
the experimental conditions, supernatants were collected, and cells were
harvested with trypsin. The cells, along with the supernatant, were then
centrifuged at 150 x g for 2 min. Cells were suspended with 0.5 pL
Annexin V-fluorescein (FITC) - (640906, BioLegend) in Annexin V
binding buffer 1 x (10 mM HEPES pH 7.4; 391333, Millipore), 140 mM
sodium chloride (NaCl; 106404, Merck), 2.5 mM calcium chloride
(CaCly; 449709, Sigma-Aldrich) and incubated at RT, in the dark for
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15 min. After incubation, samples were resuspended in 200 pL PBS
1 x 0.1 % (v/w) BSA and centrifuged at 155 x g for 2 min. Cells were
resuspended in 100 pL of Annexin V binding buffer 1 x and 2.5 pL
propidium iodide (PI, 50 pg/mL; P4170, Sigma-Aldrich) was added and
samples were analyzed by flow cytometry (FACScalibur — Becton Dick-
inson), using FlowJo v10.0.7 software (https://www.flowjo.com). Ex-
periments were performed in biological triplicates.

2.5. Reactive oxygen species (ROS) quantification by flow cytometry

NSCLC cells (5 x 10 cells/well) were plated in 24-well plates. The
intracellular ROS were detected in cells incubated with 10 mM DCF-DA
probe (D6883, Sigma Aldrich), and mitochondrial ROS were detected in
cells incubated with 5 mM MitoSox Red probe (M36008, Invitrogen),
both at 37 °C for 30 min. The acquisition was performed with FACSca-
libur (Becton Dickinson), and data was analyzed with FlowJo X v10.0.7
software (https://www.flowjo.com).

2.6. Lipid peroxide quantification by flow cytometry

NSCLC cells (5 x 10* cells/well) were plated in 24-well plates. After
experimental conditions, cells were incubated with 2 mM C11-Bodipy
581/591 (D3861, Invitrogen), for 30 min at 37 °C in the dark. The
excess dye was removed by washing with 2 % FBS-1X PBS, and cell
pellets were resuspended in 2 % FBS-1 x PBS for acquisition by flow
cytometry (FACScalibur — Becton Dickinson). FlowJo X v10.0.7 software
(https://www.flowjo.com) was used to analyze data.

2.7. Quantitative real-time PCR (qPCR)

NSCLC cells were plated in 12-well plates (1 x 10° cells/well/mL)
and after exposure to the experimental conditions, the total RNA was
extracted using the RNeasy Mini Extraction kit (74104, Qiagen, Hilden,
Germany) and cDNA synthesized from 1 pg RNA by SuperScript II
Reverse Transcriptase (18080044, ThermoFisher Scientific), according
to the manufacturers’ protocols and cDNA was synthesized as
mentioned above. qPCR was performed using SYBR Green PCR Master
Mix (04707516001, Roche), according to the manufacturer’s protocol.
Real-time PCR was carried out during 40 amplification cycles, according
to the manufacturer’s instructions, using a Lightcycler® 480 System
instrument (05015243001, Roche). The transcriptional expression of
genes encoding prostaglandin-endoperoxide synthase 2 (PTGS2),
glutathione peroxidase 4 (GPX4), and glutathione synthetase (GSS) was
evaluated, using the primers: PTGS2 (Fwd: CTGGCAGGGTTGCTGGTG;
Rev: CATCTGCCTGCTCTGGTC); GPX4 (Fwd: GCAGGAGCCAGGGAG-
TAAC; Rev: CCTTGGGTTGGATCTTCATCC), and GSS (Fwd: GAGA-
GAGGGTGGAGGTAAC; Rev: CCATGAGGATGTAGGAGGCC). HPRT
(Fwd: TGACACTGGCAAAACAATGCA; Rev: GGTCCTTTTCACCAG-
CAAGCT) was used as a housekeeping gene.

2.8. High-Performance Liquid Chromatography (HPLC)

The effect of free and encapsulated SeChry on cysteine (Cys) uptake
and GSH content was tested in NSCLC cells by HPLC with fluorescence
detection (FLD) (Shimadzu Scientific Instruments Inc., Columbia, MD,
USA). Total intracellular thiol levels were assessed according to our
previous studies [51]. The chromatographic conditions were optimized,
and the detector excitation and emission wavelengths were set to 385
and 515 nm, respectively. The chromatographic separation was per-
formed by isocratic elution of mobile phase, consisting of 100 mM ac-
etate buffer (pH 4.5) and methanol (98:2 (v/v)), for 20 min, at a flow
rate of 0.6 mL/min. Cells (2.5 x 10° cells/mL) were cultured in six-well
plates (2 mL/well) and exposed to free or encapsulated SeChry for 24 h.
After this period, cells were collected with 0.05 % trypsin-EDTA,
centrifuged at 255 x g for 2 min, washed twice in PBS (1 x), and
lysed with 60 pL of PBS (1 x) with 0.01 % (v/v) Triton X-100. Cell
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lysates were centrifuged at 10,600 x g for 2 min and stored at —80 °C.
The total thiol fraction was obtained by reducing the sulfhydryl groups
with TCEP (100 g/L, 5 pL). After 30 min of incubation at room tem-
perature, the samples were treated with TCA (100 g/L containing 1 mM
EDTA, 45 pL) for protein precipitation. The mixture was then vortexed
and centrifuged (13,000 x g, 10 min, 4 °C) and the supernatant collected
(25 pL) to a new tube, containing NaOH (1.55 M, 5 pL), NazB4O7-10H20
(pH 9.5, 125 mM with 4 mM EDTA, 62.5 pL), and SBD-F (1 g/L in
NayB407 buffer, 25 pL). The final mixture was vortexed and incubated in
the dark, at 60 °C for 1 h, to complete the derivatization of the free
sulfhydryl groups. Lastly, 25 pL of the final volume obtained were
injected into the HPLC system. For the HPLC analyses, a reversed-Phase
C18 LiChroCART 250-4 column (LiChrospher 100 RP-18, 5 um, VWR)
was used, in a column oven at 29 °C on isocratic elution mode for
20 min, at a flow rate of 0.8 mL/min. The mobile phase consisted of
100 mM acetate buffer (pH 4.5) and methanol (99:1 (v/v)). The detec-
tion was performed with RF 10AXL fluorescence detector, operating at
excitation and emission wavelengths of 385 and 515 nm, respectively.
The measured thiol levels were normalized by protein level.

2.9. Engyme-linked immunosorbent assay ELISA

H292 and PC-9 cells (2 x 107 cells/mL) were plated in 175 cm?
culture flasks (T175) and exposed to SeChry SeChry@PUREg4-LA24 for
48 h. Non-adherent cells were collected, and adherent cells were scraped
from the culture flask. Pellets were solubilized in chilled 1 x Cell
Extraction Buffer PTR, incubated on ice for 20 min, and centrifuged at
18,000 x g for 20 min at 4°C. For GPX4 quantification, the cell lysates
were analyzed via the Human GPX4 ELISA Kit (ab304936; Abcam). After
sample addition, capture and detection antibodies were applied, fol-
lowed by TMB substrate for color development. The reaction was
stopped, and the absorbance was also measured at 450 nm, with GPX4
levels determined via a standard curve.

2.10. Wound-healing assay

HUVECs were plated in 24-well plates (1 x 10° cells/well) until a
confluent monolayer formed. Once confluent, cells were incubated for
3 h with 5 mg/mL mitomycin-C (M4287, Sigma Aldrich), and a linear
scratch was made in each monolayer using a P200 pipette tip, to create a
wound across the well diameter. The media was replaced to remove
debris and suspended cells, and the experimental conditions were
added. Bright-field images of each well were captured using the
Olympus IX53 Inverted Microscope at the following time points: 0, 2, 4,
6, 8, 10 and 24 h. Wound closure was quantified using ImageJ software
(imagej.nih.gov/ij).

2.11. Tube-forming assay

A 48-well plate was coated with 100 pL of matrigel (354230, Corn-
ing) and incubated at 37°C for 30 min until solidification. HUVECs were
then incubated with 2 mg/mL of calcein (C1430, Invitrogen), a fluo-
rescent cell-permeable dye, for 30 min at 37 °C and 5 % CO5 and seeded
at a density of 3 x 10% cells/well on top of the matrigel. The cells were
exposed to the experimental conditions for 6 h, and representative im-
ages of the formed tube-like structures were acquired using an Olympus
IX53 Inverted Microscope and analyzed with ImageJ software (imagej.
nih.gov/ij). The density of vessel-like structure formation (branch points
number/mm?) was calculated as representative of vascular density.

2.12. Cancer cell endothelial adhesion

In a 24-well plate, calcein labelled-H292 and PC-9 cells (5 x 10*
cells/well) were seeded on top of an HUVECs (1 x 10° cells/well)
monolayer pretreated with 100 ng/mL TNFa (H8916, Sigma-Aldrich),
for 24 h. H292 and PC-9 cells were incubated with HUVECs
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(previously exposed to TNFa and experimental conditions) for 40 min, at
37 °C in a humidified environment with 5 % CO,. Non-adherent cells
were removed by washing with PBS 1 x and images were acquired using
an Olympus IX53 Inverted Microscope and analyzed using ImageJ soft-
ware (imagej.nih.gov/ij). Three fields in each well were evaluated at
10 x magnification.

2.13. Transendothelial cancer cell migration

HUVECs (5 x 10* cells/well) were plated in 8 pm pore transwells
(upper wells) (3422, Corning) and exposed to 100 ng/mL TNFa for 24 h,
and to experimental conditions for 16 h. H292 and PC-9 cells previously
plated under starvation using serum-free DMEM, for 24 h, were incu-
bated with calcein (2 mg/mL) and seeded (1.5 x 10* cells/well) in
serum-free DMEM on top of the HUVECs monolayer, for 5 h. Complete
media was added to the lower well and used as a chemoattractant. Cells
on the upper Transwell® surface were removed with a cotton swab, and
the invading H292 or PC-9-calcein-labeled cells were photographed on
an Olympus IX53 Inverted Microscope. Three fields in each well were
counted (10 x magnification) using the ImageJ software (imagej.nih.
gov/ij).

2.14. Immunofluorescence

In the immunofluorescence assay, cells (1 x10° cells/well) were
seeded on glass slides coated with 0.2 % gelatin until 80 % confluence
and then fixed in 2 % paraformaldehyde for 15 min at 4 °C. Cells were
incubated with anti-xCT (1:100, ab175186) and anti-integrin alpha 6
(1:100, AB20142, Abcam) overnight at 4 °C. Alexa Fluor® 488 anti-
mouse (A-11001, Invitrogen) and Alexa Fluor® 488 goat anti-rabbit
(A-11034, Thermo Fisher) were the secondary antibodies used. The
slides were mounted in VECTASHIELD media with DAPI (4-6-dia-
midino-2-phenylindole) (Vector Labs) and examined by standard fluo-
rescence microscopy, using a Zeiss Imajer.Z1 AX10 microscope. Images
were acquired and processed with CytoVision software (https://cyto
vision-genus.software.informer.com). Signal quantification was per-
formed with ImageJ software (https://imagej.nih.gov/ij/download.htm

1.
2.15. Mitochondrial membrane potential (MMP)

The MMP was measured in H292 and PC-9 cell lines using JC-1
(M34152, Molecular Probes, Life Technologies). Cells (5 x10° cells/
well) were seeded in 24-well plates and cultured under control condi-
tions, then exposed to SeChry SeChry@PUREg4-LA24 for 48 h. Cells were
then incubated for 30 min with 5 pM JC-1 (37°C, 5 % CO2). A positive
depolarized control was used, in which cells were previously incubated
with 50 pM CCCP for 5 min (37°C, 5 % CO2) and then incubated with JC-
1. Acquisition was performed in a FACScalibur (Becton Dickinson). Data
were analyzed with FlowJo X v10.0.7 software (https://www.flowjo.
com).

2.16. Ex vivo chick chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were incubated in a 40 % humidified atmo-
sphere at 37 °C. On day 3 of embryo development, a window was made
into the eggshell, sealed with tape, and the eggs were returned to the
incubator. On day 9 of embryo development, an H292 and PC-9 cell line
suspension (2 x 10° cells) in 10 pL of Matrigel (Corning: 354230) was
placed inside the eggs to allow the formation of a 3D tumor. On day 13 of
development, the tumors were treated with 20 pL of PUREg4-LAg4
(control group) and SeChry@PUREg4-LAg4. H292 cells were treated
with 100 pM SeChry@PUREg4-LA24, along with an equivalent dose of
PURE@g4.LAg4. PC-9 cells received 200 pM SeChry@PUREg4-LA4,
along with an equal concentration of empty nanoparticles. After 96 h of
treatment (day 17 of development), the chicken embryos were sacrificed
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by placing them at —80 °C for 10 min. Digital images of the tumors were
taken on days 13 and 17 of development in a stereomicroscope
(Olympus S2 x 16), using a digital camera (OlympusDP71). At the
selected time points, the “in ovo” tumor area was measured using the
ImageJ software. Results were expressed as the area difference between
day 13 and 17. For blood vessel analysis, “ex ovo” images were analyzed
in Fiji software using the “Vessel analysis” plugin, and the results were
expressed as a percentage of blood vessel area. The tumors were fixed in
4 % paraformaldehyde at RT and embedded in paraffin for further
analysis.

2.17. Xenograft lung cancer NOD.Cg-Prkdcscid I12rgtm1Wijl/SzJ murine
models

Xenograft orthotopic mice models of NSCLC were induced by tail
vein injection of H292 and PC-9 cells (1 x 10° cells/200 uL/mouse), in 6-
week-old NSG (NOD.Cg-Prkdc“id 112rg™! Wil/SzJ) immunocompromised
male mice, obtained from Charles River Laboratory (Barcelona, Spain).
Animals were housed in individually ventilated cages, under strict hy-
giene conditions, with a cycle of light/dark of 12 h, temperature of about
20-24°C, and relative humidity of 50-65 %. Moreover, the animals had
free access to a sterilized diet and acidified water. Animal studies were
carried out in agreement with the animal welfare organ (ORBEA) of the
Faculty of Pharmacy of the University of Lisbon, approved by the
competent national authority Direcao Geral de Alimentagao e Veterinaria
(DGAV) and in accordance with the national (DR 113/2013, 2880/
2015, 260/2016 and 1/2019) and European (2010/63/EU) legislation
for the use and care of animals in research.

Mice’s body weight was evaluated at least 2 times per week, and
general behavior and symptomatology were also registered. After 38
days post-cell injection, pulmonary administration of the dry powder
formulations containing PUREg4-LAg24 (control) or SeChry@PUREgy-
LA,4 nanoparticles was performed using a simple apparatus based on a
15 mL centrifuge tube where dry powder (20 mg) of each formulation
was inserted [58]. A small hole was made in the bottom of the tube to
allow the powder delivery to the mouse. A plastic pump connected to the
upper part of the tube allowed the production of a turbulent air stream
for fluidizing the powder. Each mouse was restrained in a 50 mL tube
having a small hole in the bottom. The lower part of the 50 mL tube was
connected to the 15 mL tube using a baby bottle teat. The dry powder
(20 mg) was inserted into the device and each animal received the
formulation by inhalation for 2 min. Mice were administered
spray-dried microparticles a total of four times over the course of one
week using the device described above. Both the control PUREG4-LA24
and SeChry@PUREg4-LAo4 nanoformulations were administered in
groups of four mice. Taking into account that 795 mg of SeChry@-
PUREg4-LAy4 nanoparticles were effectively loaded with 9.6 mg SeChry,
that each mouse was exposed to 20 mg of dry powder and less than 10 %
of this powder was inhaled (data not shown); this means that the
administered dose of SeChry@PUREg4-LAy4 was 0.93 mg/kg of body
weight. Animals were euthanized on day 47 after injection (2 days after
the last administration) and lung, liver, and spleen tissues were
collected, fixed in 10 % formalin, and embedded in paraffin. The tissues
were then serially sectioned (3 pm), deparaffinized, and stained with
hematoxylin and eosin (H&E). The histological evaluation was con-
ducted by two pathologists and the percentage of tumor area was
calculated in the H&E-stained lung sections using QuPath software
(https://qupath.github.io/).

2.18. 'H-NMR profiling of peripheral blood serum from mice

The blood serum collected was evaluated by 'H-NMR spectroscopy.
Sera were diluted in a buffer of 100 mM KPi (pH 7) with TSP (0.16 mM)
and transferred to NMR match tubes of 2.5 mm (16545, Bruker), using
70 ul sera + 70 ul KPi buffer. Spectra were acquired in a 500 MHz
magnetic field in a 500 UltraShield™ Spectrometer (Bruker) equipped
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with a 5 mm TCI C/N Prodigy Cryo probe at 25°C. For each sample three
D 1H-NMR spectra were acquired: one with a noesyprld pulse sequence
as a sum of 64 free induction decays (FIDs) (48 K of Time-Domain (TD),
11.76 ppm of spectral window (SW), 1 s relaxation delay and 10 ms of
mixing time); another with a cpmgprld as a sum of 64 FIDs (64 K TD, 20
ppm SW, 4 s relaxation delay, an echo time of 0.2 ms and 300 repetitions
of the echo time per scan); and diffusion edited pulse experience
(ledbpgppr2s1d) as a sum of 64 FIDS (64 k TD, 30 ppm SW, 4 s relaxation
delay and a diffusion time of 0.2 ms). Spectra were acquired and pro-
cessed using Topspin 3.6. NMRProcFlow 1.4 software (nmrprocflow.
org) was used for further spectra processing and to define the spectra
buckets that were analyzed by MetaboAnalyst 6.0 (accessed on 28
February 2024). All data obtained from NMRProcFlow were normalized
through Constant Sum Normalization.

2.19. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 6.0 software
(https://www.graphpad.com). Sample data were presented as the mean
(normal distribution) + SD. Assays were performed with a minimum of
three biological replicates per treatment. Statistical comparisons be-
tween groups were performed using a two-tailed unpaired Student’s t-
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test, and multiple comparisons were analyzed using One-way ANOVA
with Dunnett’s or Tukey’s test. For comparisons between two groups, a
two-tailed independent-samples t-test was used. Differences between
experimental conditions were considered statistically significant at
p < 0.05.

3. Results

3.1. SeChry@PURE4-LA24 promotes cell death through ROS induction
and lipid peroxidation

Cells were exposed to SeChry or SeChry@PUREg4-LAg4 for 48 h, with
concentrations for each cell line selected based on the previously
determined ECsq [50]. A549 and H292 cells exhibited higher sensitivity
to encapsulated SeChry nanoparticles compared to free SeChry
(Fig. 1 A). Conversely, PC-9 cells demonstrated greater sensitivity to free
SeChry. In addition, our findings revealed that cell death in A549 and
H292 cells exposed to SeChry primarily occurred through early
apoptosis plus late apoptosis+necrosis, and necroptosis, whereas in all
cell lines treated with SeChry@PUREg4-LAy4, it predominantly resulted
in necrosis and necroptosis (Fig. 1B).

Since SeChry is known as a cystathionine-$-synthase (CBS) inhibitor
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Fig. 1. Free or encapsulated SeChry induces increased early and/or late apoptosis or necrosis and augments intracellular ROS and lipid peroxide levels. Exposure of
A549, H292 and PC-9 cells to SeChry/SeChry@PUREg4-LAy4 for 48 h. Concentrations used were: SeChry, A549 (5 pM), H292 (10 pM), and PC-9 (23 pM); and
SeChry@PUREG4-LA24, A549 (100 pM), H292 (50 pM), and PC-9 (43 pM). (A) Percentage of cell death analyzed by flow cytometry using Annexin V and PI in A549,
H292 and PC-9 cells. (B) Percentage of early apoptosis, early+late apoptosis and necrosis. Levels of (C) intracellular ROS (DCF-DA) and (D) lipid peroxides (C11-
Bodipy) analyzed by flow cytometry. (E) mRNA expression analysis of ferroptosis-associated genes PTGS2, GPX4 and GSS. Data is represented as mean =+ SD.
*p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-way ANOVA with Tukey’s test was used).
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[51], theoretically leading to imbalanced intracellular antioxidant po-
tential, we investigated the impact of exposure to SeChry @PUREg4-LA24
on intracellular levels of ROS and lipid peroxides. SeChry notably
elevated ROS levels in H292 and PC-9 cells, while SeChry@PUR-
Egs-LA24 induced a significant increase in intracellular ROS in A549 and
PC-9 cell lines (Fig. 1 C). We also noted that free SeChry led to a
considerable increase in mitochondrial ROS specifically in H292 cells
but only tended to increase mitochondrial ROS in the other 2 cell lines
(Supplementary Fig. 3). Additionally, SeChry triggered a significant rise
in lipid peroxide levels in H292 and PC-9 cells, whereas SeChry@PUR-
Eg4-LAg4 increased lipid peroxides significantly in all three cell lines
(Fig. 1D).

After considering these findings, we proceeded to assess the
expression of genes associated with ferroptosis following treatment with
SeChry@PUREG4-LAo4. Free SeChry led to an overexpression of PTGS2
in H292 and PC-9 cells, while SeChry@PUREg4-LA24 upregulated this
gene exclusively in H292 cells (Fig. 1E). GPX4 expression levels were
significantly increased in A549 and H292 cells following SeChry treat-
ment. In contrast, SeChry@PUREg4-LAy4 led to a significant down-
regulation of GPX4 in PC-9 cells, while the opposite effect was observed
in H292 cells. The expression of GSS was elevated in A549, H292, and
PC-9 cells treated with SeChry. SeChry@PUREGg4-LAy4 significantly
increased GSS in H292 cells but decreased it in PC-9 cells. Thus, expo-
sure to SeChry@PUREg4-LA24 not only amplified intracellular ROS and
lipid peroxide levels but also induced differential expression patterns of
ferroptosis-associated genes across NSCLC cell lines, suggesting a com-
plex interplay in modulating ferroptosis mechanisms that warrants
further investigation for potential therapeutic implications.

3.2. SeChry@PUREg4-LA24 induces cell death via disruption of the
cystine—cysteine-GSH-GPX4 axis

Given the observed alterations in ferroptosis-associated gene
expression, we next sought to determine whether SeChry-induced cell
death involves ferroptosis and occurs independently of classical
apoptotic pathways. Cells were treated with free or encapsulated
SeChry, alone or in combination with the pan-caspase inhibitor ZVAD-
FMK. In H292 and PC-9 cells, co-treatment with ZVAD-FMK did not
cause any significant changes in cell death, suggesting that SeChry in-
duces a form of cell death that is at least partially caspase-independent
(Fig. 2 A). Given the limited rescue by ZVAD-FMK, we next investigated
its effect on lipid peroxidation. Lipid peroxide levels were higher
following SeChry treatment and remained similarly elevated in the
presence of ZVAD-FMK (Fig. 2B). These results indicate that lipid per-
oxidation occurs independently of caspase activity, further supporting
the hypothesis of ferroptotic cell death. To confirm the involvement of
ferroptosis, cells were co-treated with Ferrostatin-1 (1 pM), a
ferroptosis-specific inhibitor. Co-treatment significantly decreased cell
death induced by SeChry and SeChry@PUREG4-LAz4 in both H292 and
PC-9 cells (Fig. 2 C), and lipid peroxide levels were also significantly
reduced upon Ferrostatin-1 treatment (Fig. 2D), indicating that SeChry-
induced cytotoxicity is at least partially mediated by ferroptosis.

To further investigate ferroptosis-related mechanisms, we analyzed
the expression and activity of key regulators in the cys-
tine—cysteine-GSH-GPX4 axis. Inmunofluorescence analysis revealed a
significant reduction in xCT expression in H292 cells following treat-
ment with SeChry@PUREg4-LA2s (Fig. 2E and F). In PC-9 cells, xCT
expression also showed a decreasing trend with SeChry @PUREg4-LA24,
suggesting that SeChry @PUREg4-LA24 modulates xCT expression in both
cell lines, with a more significant effect in H292 cells. Measurement of
intracellular cysteine levels showed a modest tendency to increase in
H292 cells at 48 h with both treatments, while PC-9 cells exhibited an
increase in cysteine at 48 h after SeChry@PUREg4-LA24 treatment
(Fig. 2 G). Despite this, total GSH levels tended to decline in both cell
lines in PC-9 at 48 h (Fig. 2 H). The GSH/cysteine ratio (Fig. 2I) was
significantly decreased in H292 cells at both 24 and 48 h with
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SeChry@PUREg4-LA, and in PC-9 cells at 48 h with both free and
encapsulated SeChry, suggesting a low cysteine utilization for GSH
synthesis. Because GPX4 is a key enzyme detoxifying lipid peroxides and
protecting against ferroptosis [32], we quantified GPX4 protein levels
using ELISA. GPX4 protein levels were elevated in both cell lines,
particularly in PC-9 cells treated with SeChry@PUREg4-LAz24 (Fig. 2 J),
suggesting a potential compensatory response to increased lipid perox-
idation. Considering the involvement of mitochondrial dysfunction in
oxidative stress and non-apoptotic cell death pathways such as ferrop-
tosis, we assessed mitochondrial membrane potential (Aym) to deter-
mine whether mitochondrial impairment contributes to SeChry- and
SeChry@PUREG4-LAzs-induced  cytotoxicity. Both SeChry and
SeChry@PUREg4-LAy4 significantly reduced Aym in H292 and PC-9
cells, comparable to the positive control CCCP, indicating mitochon-
drial dysfunction as part of the cell death mechanism (Fig. 2 J).

3.3. NSCLC SeChry@PUREg4-LA24 conditioned media (CM) decreases
ECs migration and tube-forming capacity

ROS are involved, either directly or indirectly, in the mechanisms
underlying physiological, pathophysiological, and over activated
angiogenesis [29]. The transendothelial transport of molecules and cells
is intricately regulated by vascular ECs [59]. Dysfunction in the regu-
latory mechanisms of the endothelium and its compromised ability to
effectively respond to the physicochemical microenvironment leads to
the disruption of endothelial integrity [60]. Changes in the selective
permeability barrier of ECs represent early events in oxidative
stress-mediated injury, potentially contributing to the extravasation of
circulating cancer cells [60]. To clarify if free or encapsulated SeChry
could influence angiogenesis, we used HUVECs as an in vitro model of
human ECs, which were exposed to conditioned media (CM) from
NSCLC cells. Wound healing assays were conducted on HUVECs cultured
in control conditions and exposed directly to SeChry and SeChry@-
PUREGg4-LA24, as well as on HUVECs treated with CM from H292 and
PC-9 cells cultured in control conditions and previously exposed to
SeChry and SeChry @PUREg4-LA24. We observed a tendency for SeChry
to decrease the migration of HUVECs after 6 h, while SeChry@PUR-
Eg4-LAy4 significantly reduced HUVEC migration (Fig. 3 A). After 24 h,
these treatments exhibited a more pronounced effect, demonstrating
significant differences compared to the control. Interestingly, CM from
H292 or PC-9 cells exposed to SeChry or SeChry@PUREg4-LA24 resulted
in an even more significant reduction in the migration of HUVECs
(Fig. 3 A).

Given that a pro-oxidative microenvironment promotes angiogen-
esis, we tested the capacity of HUVECs to form vessel-like structures
under SeChry or SeChry@PUREg4-LA24 exposure, using an in vitro tube-
forming assay. After 6 h, a slight tendency to increase tube-forming
capacity was observed with both free and encapsulated SeChry (Fig. 3
B). However, HUVECs exposed to H292 SeChry@PUREg4-LAy4 CM
exhibited a significant reduction in branch point density compared to
the control. Likewise, HUVECs treated with PC-9 SeChry@PUREg4-LA24
CM also showed a decrease in vessel-like structures.

We also investigated the impact of SeChry on the adhesion of cancer
cells to ECs and their transendothelial migration. In this study, we per-
formed HUVECs co-cultures with H292 and PC-9 cell lines. These cells
were placed on top of a HUVECs monolayer previously established. The
HUVECs monolayer was exposed to either SeChry or SeChry @PUREg4-
LAo4. SeChry demonstrated a tendency to elevate the number of cancer
cells adhering to the EC monolayer, with significance observed in PC-9
cell assays (Fig. 3 C). Moreover, both treatments significantly enhanced
transendothelial migration in H292 cells, and only SeChry induced a
significant increase in PC-9 cells (Fig. 3 D). Thus, SeChry, whether free
or encapsulated, exerts diverse effects on EC behavior and cancer cell
interactions, highlighting its potential significance in modulating
angiogenesis and the TME in NSCLC. In cancer, lactate contributes
significantly to angiogenesis by inducing VEGF expression in ECs [61].
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Fig. 2. SeChry induces partial caspase-independent cell death associated with lipid peroxidation and disruption of the xCT-GSH-GPX4 axis. Exposure of A549, H292
and PC-9 cells to SeChry/SeChry@PUREg4-LA,4 for 48 h. Percentage of cell death (A) and lipid peroxides (B) in the presence of the apoptosis inhibitor Z-VAD-FMK
(50 uM). (C) Percentage of cell death in the presence or absence of the ferroptosis inhibitor Ferrostatin-1 (Fer-1, 1 uM). (D) Lipid peroxide levels following co-
treatment with Ferrostatin-1. Immunofluorescence for xCT (E) and quantification of xCT levels (F) by corrected total cell fluorescence (CTCF). High-performance
liquid chromatography (HPLC) coupled to fluorescence detection (FLD) was used to measure (G) total cysteine concentration, (H) total glutathione (GSH) con-
centration, and (I) the ratio between GSH and cysteine was determined in NSCLC cells exposed to SeChry/SeChry@PUREg4-LA,4 for 24 (left) or 48 h (right). (J)
Quantitative measurement of glutathione peroxidase 4 (GPX4) protein by ELISA in H292 and PC-9 cells exposed to SeChry/SeChry@PUREg4-LA4. (K) Assessment of
mitochondrial membrane potential (Aym) using JC-1 staining. Quantification of Aym is expressed as the red/green fluorescence intensity ratio and normalized to
the control condition. CCCP (10 uM) was used as a positive control for Aym depolarization. Data is represented as mean + SD. *p < 0.5, **p < 0.01, ***p < 0.001,
*##%p < 0.0001 (one-way ANOVA or two-way ANOVA with Tukey’s multiple comparisons test were used). Data is represented as mean =+ SD. *p < 0.5, **p < 0.01,
’;**p < 0.001, ****p < 0.0001 (one-way ANOVA or two-way ANOVA with Tukey’s multiple comparisons test were used).
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Fig. 3. NSCLC SeChry@PUREg4-LAy4-conditioned media (CM) reduces the migration and tube-forming ability of endothelial cells (ECs). HUVECs were
exposed directly to SeChry and SeChry@PUREg4-LA24, as well as to CM from H292 and PC-9 cells previously exposed to SeChry and SeChry@PUREg4-LA24. (A)
Wound healing assay on HUVECs at 0, 6 and 24 h of experimental conditions. (B) Branch point density of vessel-like structures in HUVECs after 6 h of experimental
conditions. (C) NSCLC calcein-labeled cancer cell adhesion on HUVECs and (D) transendothelial NSCLC migration. The panels show representative microscope
images (scale: 200 or 100 pm; NSCLC-calcein-labeled cells (green). (E) Integrin alpha 6 expression profile by immunofluorescence and quantification (CTCF) using
ImageJ. Data is represented as mean =+ SD. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test was used).

The release of lactate from tumor cells, facilitated by MCT4, is sufficient to lactate or CM from NSCLC treated with lactate for 24 h. The results

to stimulate angiogenesis and support tumor growth [62]. Given the showed no significant changes in migration capacity, tube-forming
high importance of lactate in the NSCLC TME and the fact that SeChry ability, NSCLC cell adhesion, or transendothelial migration of NSCLC
nanoparticles are functionalized with lactic acid, HUVECs were exposed cells under these conditions (Supplementary Fig. 4). However, there was
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a tendency for increased migration and branch point density with the
addition of lactate (Supplementary Fig. 4 A). CM from PC-9 cells
exposed to lactate similarly demonstrated a tendency to enhance the
tube-forming capability of HUVECs (Supplementary Fig. 4B). Further-
more, lactate displayed a propensity to increase adhesion and trans-
endothelial migration of PC-9 cells while showcasing an opposite trend
in H292 cells (Supplementary Fig. 4 C). SeChry@PUREg4-LAy4 signifi-
cantly reduced integrin alpha 6 expression comparing to non-treated
HUVECs cells (Fig. 3 E). Conditioned media from H292 control cells
and SeChry@PUREg4-LAy4 -treated H292 and PC-9 cells also decreased
the expression of this protein.

Biomedicine & Pharmacotherapy 190 (2025) 118405

3.4. SeChry@PURE4-LA24 reduces tumor growth and tends to decrease
angiogenesis

We evaluated the SeChry@PUREg4-LAg4 anticancer effect ex vivo
using the CAM assay since we found that NSCLC SeChry@PUREg4-LA24
CM exhibited the most significant reduction in EC migration and tube-
forming capacity. The CAM assay is a cost-effective and efficient alter-
native for assessing novel drugs and bioactive molecules, as it facilitates
quick tumor cell xenografting, tumorigenesis, observation of metastasis
and angiogenesis, as well as drug characterization and delivery evalu-
ation [63]. A549 cells showed poor and inconsistent tumor formation in
CAM, leading to the selection of H292 and PC9 cells for further studies
due to their more reliable tumor-forming ability. Here, H292 cells,
representative of the LUSC histological type, and PC-9 cells, represen-
tative of the LUAD type, were employed.
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Fig. 4. SeChry@PUREg4-LA,4 reduces tumor growth and angiogenesis. (A) Representative pictures of chicken embryo chorioallantoic membrane (CAM) assay
inoculated with H292 cells pre-treatment (day 13) and post-treatment (day 17). CAMs were exposed to PUREG4-LA24 (control group) and SeChry@PUREg4-LA4 for 4
days. (B) Quantification of H292 tumor area (difference from day 13 to day 17). (C) Quantification of the percentage of blood vessel area for the H292 model. (D)
Representative pictures of CAM inoculated with PC-9 cells pre-treatment and post-treatment. (E) Quantification of PC-9 tumor area (difference from day 13 to day
17). (F) Quantification of the percentage of blood vessel area for the PC-9 model. Data is represented as mean + SD. *p < 0.5, **p < 0.01, ***p < 0.001,
#x%¥%p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test was used).
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Treatment with SeChry@PUREg4-LAs4 (100 pM) showed a trend
towards decreased size of H292-derived tumors (Fig. 4 A and B) and a
tendency to reduce the percentage of blood vessel area compared to the
control empty nanoparticles (PUREg4-LAg4; Fig. 4 C). In PC-9-derived
tumors, SeChry@PUREg4-LAy4 significantly decreased the tumor size
in a dose-dependent manner (Fig. 4 D and E). However, no significant
differences were observed in terms of the percentage of blood vessel
area, but the highest concentration of SeChry@PUREg4-LA24 tended to
decrease it (Fig. 4 F).

3.5. SeChry@PUREg4-LAz4 decreases lung tumor burden in NSCLC
xenograft mouse models

The next step was to test the in vivo efficacy of SeChry@PUREg4-LA24
in orthotopic xenograft mouse models of NSCLC using H292 and PC-9
cells delivered by tail vein injection. A549 cells failed to form lung tu-
mors in murine models, leading to the selection of H292 and PC9 cells
for further studies due to their more reliable tumor-forming ability. After
38 days post-cell injection, the pulmonary administration of the dry
powder formulations containing PUREg4-LAy4 (control) or SeChry@-
PUREg4-LAy4 nanoparticles was performed four times over the course of
one week. Animals were euthanized on day 47 after cell inoculation (2
days after the last administration). H&E staining of lung sections showed
that mice treated with SeChry@PUREg4-LA4 exhibited a significantly
reduced tumor burden in the lungs compared to mice exposed to
PUREG4-LAy4, the empty nanoformulation (Fig. 5 A and B). When
compared to the control group that inhaled PUREGg4-LAg4, SeChry@-
PUREG4-LAy4 led to a significant decrease in tumor area by 97 %
(p =0.0092) in tumors derived from H292 cells and by 83 %
(p = 0.0027) in tumors derived from PC-9 cells (Fig. 5 B). To gain
further insight into cachexia, body weight of the mice was assessed on
the day of injection (initial) and the day of euthanasia (final), although
weights were measured at least twice per week throughout the study.
Mice inoculated with H292 cells, showed a more significant increase in
body weight after all administrations of SeChry@PUREg4-LAgs
(p = 0.0016 and p = 0.0003) compared to mice exposed to PUREGg4-
LAg4 (Fig. 5 C). In mice injected with PC-9 cells, only the group treated
with the SeChry@PUREg4-LAy4 treatment showed a significant
(p =0.0366 gain in body weight. These results suggest that mice
receiving the control PUREg4-LAg4 treatment exhibited an increased
degree of cachexia. Additionally, the treatment caused no morpholog-
ical changes, necrosis, or fibrosis in the mice’s liver and kidneys, indi-
cating no severe systemic toxicity (Fig. 5 D).

We previously showed that SeChry induced significant metabolic
changes, particularly in selenocompound metabolism, affecting key
pathways such as glycolysis, gluconeogenesis, the tricarboxylic acid
(TCA) cycle, and amino acid metabolism in NSCLC cells [35]. To further
elucidate these metabolic changes in this context, mice blood sera were
evaluated by 'H-NMR spectroscopy. Most differences were observed in
the cpmgprld spectra. Importantly, we did not detect any traces of
PUREG4-LAy4 or SeChry@PUREg4-LAo4 in the sera, indicating that the
treatment was efficiently delivered to the lungs. Sera collected at
euthanasia showed a clear separation of the metabolic profiles between
PUREG4-LAgs-treated mice and SeChry@PUREgy4-LAgs-treated mice
bearing H292 cells (Fig. 5 E). The separation between these groups in
mice bearing PC-9 cells is not as evident. Nonetheless, these results
indicate that the treatment alters the whole-body metabolic profile. In
this context, the metabolic profiles of the mice were further analyzed
and revealed that the PUREG4-LAy4 treated mice and the SeChry@-
PUREG4-LAy4 treated mice exhibited similar metabolic profiles as indi-
cated by their clustering patterns (Fig. 5 F). The results show that
regardless of the cell line from which the tumor originates, mice with a
similar tumor burden have comparable metabolic profiles. The analysis
of 'TH-NMR spectra acquired from the blood sera was performed using
buckets comparison with NMRProcFlow 1.4 software and significant
buckets were found. Univariate analysis of sera from PUREg4-LA24 and
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SeChry@PUREg4-LAo4-treated mice revealed 16 significantly altered
buckets in H292 xenografts (Table 1) and 13 significantly altered
buckets in PC-9 xenografts (Table 2). The chemical shifts consistent with
these metabolites are altered and are depicted in Tables 1 and 2.
Focusing on the altered buckets identified in Tables 1 and 2, unsu-
pervised (PCA) and supervised (PLS-DA) analyses were conducted.
These analyses revealed significant metabolic differences between the
treatment groups. Both the PCA and PLS-DA plots depicted a clear
separation of samples based on their metabolite profiles in the sera from
H292 and PC-9 mice xenografts (Fig. 6 A, B, F and G). Cross-validation
and permutation tests of the PLS-DA model were performed. The values
of R? 0.89 and 0.9 and Q? 0.73 and 0.58 for H292 and PC-9 samples
respectively revealed satisfactory goodness of fit and goodness of pre-
diction (Supplementary Fig. 5A and B). The nominal P value (0.028) of
the permutation test confirmed the validity of the PLS-DA model at a
95 % confidence level (Supplementary Fig. 5C and D). Variable Impor-
tance in Projection (VIP) Scores identified the metabolites that
contributed most to the group separation in the PLS-DA analysis. The top
buckets and corresponding metabolites include B1 9571 (acetate),
B2_1353 (glutamine, glutamate, proline), B1_7932 (arginine, lysine) in
H292 mice xenografts (Fig. 6 C). Heatmaps were also generated and
showed distinct clustering patterns, with most SeChry@PUREg4-LAo4-
treated samples exhibiting higher levels of metabolites compared to
PUREG4-LAy4, reinforcing the metabolic shifts caused by SeChry@-
PUREG4-LAy4 treatment. (Fig. 6 D and I). Acetate was the most important
metabolite contributing to the differences observed and was signifi-
cantly increased in the SeChry@PUREg4-LAgs-treated H292 group
(Fig. 6 E). Regarding PC-9 mice xenografts, the top buckets and corre-
sponding metabolites included B2_4602 (glucose), B2_7827 (unknown),
and B3_4853 (glucose) (Fig. 6 H). In PC-9 xenografts, altered spectra
buckets corresponded to increased glucose, citrate and isobutyrate levels
in the SeChry@PUREg4-LAys-treated animals (Fig. 6J-L). Collectively,
these findings suggest that SeChry treatment induces significant meta-
bolic alterations in mice, impacting key metabolites and pathways,
particularly those related to energy metabolism and redox homeostasis.

4. Discussion

Tumors often exhibit imbalances in redox equilibrium and disrupted
redox signaling, which are pivotal factors contributing to malignant
progression and resistance to treatment [10]. The low overall survival
rate among NSCLC patients remains a significant challenge in clinical
management, emphasizing the critical necessity for innovative thera-
peutic strategies that can overcome inherent drug resistance [64]. In this
study, we assessed the response of NSCLC cell lines representing two
histological types (LUAD and LUSC) to SeChry@PUREg4-LAy4 treat-
ment, taking advantage of lactate-enhanced consumption and MCT1
overexpression, to target cysteine metabolism in both in vitro and in vivo
NSCLC models. The observed induction of cell death in all the NSCLC
cell lines (Fig. 1), along with the significantly reduced H292- and
PC-9-derived tumor burden in the lungs of treated mice (Fig. 5 A and B),
highlights SeChry@PUREg4-LA24 as a valid therapeutic alternative for
NSCLC. Cell death induced by SeChry@PUREg4-LA24 induced cell death
in lung cancer cells, seems to be primarily dependent on necrosis or
necroptosis (Fig. 1 B). Apoptosis has been identified as a key mechanism
for eliminating NSCLC cells when nanoselenium is combined with
radiofrequency therapy, accompanied by a simultaneous decrease in the
carcinogenesis-related proteins CCND1 and c-Myc [65]. The increased
production of ROS and lipid peroxides induced by SeChry@PUR-
Eg4-LAg4 (Fig. 1 Cand D) highlights its role in triggering oxidative stress.
This stress is linked to necrotic/necroptotic cell death, driven by dis-
ruptions in cellular energy metabolism, intracellular calcium flux, and
further ROS generation [66,67]. In the future, combining a
metabolism-targeted therapy capable of inducing necrosis or nec-
roptosis, as SeChry@PUREg4-LA24, with immunotherapies could be an
opportunity to improve the clinical management of NSCLC. Evidence
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Fig. 5. SeChry@PUREG4-LA,,4 reduces lung tumor area in NSCLC xenograft mouse models. H&E from lung sections of mice (A) treated with PUREg4-LA,4 (top)
and SeChry@PUREg4-LAy4 (bottom) in H292 cells (left) and PC-9 cells (right). Tumor cells are depicted in red, and lungs are depicted in yellow. (B) Tumor area
percentage was calculated in the H&E from lung sections of mice with QuPath (https://qupath.github.io/). (C) Change in mice body weight (g). The body weight of
mice was measured on the day of injection (initial) and the day of euthanasia (final). Data is represented as mean + SD. *p < 0.5, **p < 0.01, ***p < 0.001,
*k%p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test was used). (D) Representative H&E-stained liver and kidney Section (4 pm) from control,
PUREG4-LAy4-, and SeChry@PUREg4-LAo,-treated mice inoculated with H292 cells (left) and PC-9 cells (right). (E) Multivariate analysis principal component
analysis (PCA) of the 'H-NMR spectra acquired from the blood sera at euthanasia of H292 (left) and PC-9 (right) mice xenografts treated with PUREg4-LA24 (P) and
SeChry@PUREg4-LAy4 (S). (F) PCA of the 1H-NMR spectra acquired from the blood sera at euthanasia of PUREg4-LAy4 (left) and SeChry@PUREg4-LAo4 (right)
—Atreated H292 and PC-9 mice xenografts.

Table 1
Altered buckets and probable corresponding metabolites in serum from mice inoculated with H292 cells. Univariate analysis (t test).
Bucket Probable metabolites Chemical Shift (ppm) t P -log10(p) FDR
B1.7748 Arginine, lysine 1.77478 —3.9683 0.010654 1.9725 0.63178
B1.9951 Arginine, lysine 1.9951 —3.7506 0.013285 1.8766 0.63178
B1.7820 Arginine, leucine, lysine 1.7820 —3.6028 0.015498 1.8097 0.63178
B1.9571 Acetate 1.9571 —3.4932 0.017411 1.7592 0.63178
B1.7932 Arginine, lysine 1.7932 —3.4411 0.018413 1.7349 0.63178
B1.7617 Arginine, lysine 1.7617 —3.2274 0.023274 1.6331 0.63178
B3_1412 Unknown 3.1412 3.0741 0.027654 1.5582 0.63178
B2 1249 Glutamine, glutamate, proline 2.1249 -3 0.030098 1.5215 0.63178
B1.8010 Arginine 1.8010 —2.9966 0.030216 1.5198 0.63178
B4.3282 Threonine 4.3282 2.9543 0.031726 1.4986 0.63178
B2.1353 Glutamine, glutamate, proline 2.1353 —2.9542 0.031731 1.4985 0.63178
B2_1415 Glutamine, glutamate, proline 2.1415 —2.8978 0.033876 1.4701 0.63178
B4_3210 Threonine 4.3210 2.8849 0.034389 1.4636 0.63178
B1.9453 Arginine. lysine 1.9453 —2.8615 0.035344 1.4517 0.63178
B2.1292 Glutamine, glutamate, proline 2.1292 —2.8187 0.037164 1.4299 0.63178
B1_7536 Arginine, lysine 1.7536 —2.5941 0.048596 1.3134 0.66336
Table 2
Altered buckets and probable corresponding metabolites in serum from mice inoculated with PC-9 cells. Univariate analysis (t test).
Bucket Probable metabolites Chemical Shift (ppm) t P -log10(p) FDR
B3.3323 Glucose 3.3323 ~4.9477 0.0025839 2.5877 0.41184
B2_6956 Citrate 2.6956 —4.5712 0.0038057 2.4196 0.41184
B2 6706 Methionine 2.6706 —4.2174 0.0055773 2.2536 0.41184
B3.4602 Glucose 3.4602 ~3.8947 0.008033 2.0951 0.41184
B2_7087 Citrate 2.7087 —3.8902 0.0080753 2.0928 0.41184
B3.4853 Glucose 3.4853 —3.3329 0.01575 1.8027 0.54406
B2_3630 Isobutyrate 2.3630 —3.2093 0.018384 1.7356 0.54406
B1.1014 Isobutyrate 1.1014 —3.1998 0.018604 1.7304 0.54406
B2 7827 Unknown 2.7827 3.1748 0.019202 1.7167 0.54406
B2 6852 Citrate 2.6852 —3.0796 0.021673 1.6641 0.55266
B1.0703 Valine 1.0702 —2.8548 0.028999 1.5376 0.67224
B1.1176 Isobutyrate 1.1176 —2.712 0.035014 1.4558 0.70692
B1.0869 Valine 1.0869 —2.6903 0.036039 1.4432 0.70692
suggests that necrosis robustly activates the immune system, promoting radicals, such as ROS [74]. Lipid peroxide levels were significantly
the targeting and clearance of cellular debris from dying cells [68]. increased by SeChry@PUREg4-LAgs in all cell lines (Fig. 1 D) and
Additionally, a study exploring the molecular mechanisms behind rescued by ferrostatin-1 (Fig. 2D), reinforcing the involvement of fer-
therapy-induced necrosis identified TRPM4 - a calcium-activated, roptosis in SeChry’s mechanism of action. Lipid peroxidation is regu-
ATP-inhibited, sodium-selective plasma membrane channel - as a key lated by cellular GSH levels, which are controlled by the SLC7A11/xCT
mediator of both cell death and immune activation following various transporter and the GPX4 enzyme [75]. xCT imports cystine, which is
necrosis-inducing anticancer treatments [69]. Therefore, therapies converted to cysteine for GSH synthesis by the enzymes GCLC and GSS
inducing necrosis or necroptosis may improve immunotherapies for [76]. GSH then reduces oxidative stress through GPX4 activity [77].
solid tumors and challenging cancers. Inhibiting XCT or GPX4 decreases antioxidant defenses, leading to ROS

SeChry@PUREg4-LA24 compared to free SeChry, led to a significant buildup, lipid peroxidation, and ferroptosis [75]. Based on this, we
increase in ROS in A549 and PC-9 cells (Fig. 1 C). Contrarily, H292 cells investigated whether SeChry and SeChry@PUREG4-LAz. affect this
exhibited a reduction in ROS levels, and notably, free SeChry caused an redox regulatory pathway in NSCLC cells.

elevation in mitochondrial ROS exclusively in H292 cells (Supplemen- Strong evidence for the involvement of ferroptosis in the cytotoxic
tary Fig. 3). These findings align with previous reports linking SeChry effects of SeChry and SeChry@PUREg4-LA24 was suggested by the
cytotoxicity to alterations in mitochondrial membrane potential, indic- reduced xCT expression upon SeChry@PUREgy4-LA24 (Fig. 2 C and D).
ative of increased oxidative stress [70]. Cellular membranes are prone to Although cysteine levels remained stable or slightly increased in both

damage from ROS due to their high levels of PUFAs, a process commonly cell lines (Fig. 2E), the GSH/cysteine ratio was significantly reduced,
referred to as lipid peroxidation [71-73]. Ferroptosis was initially particularly in H292 cells treated with SeChry and in PC-9 cells treated
characterized as an iron-dependent programmed cell death marked by with SeChry@PUREg4-LAz4 (Fig. 2 G). This implies that GSH depletion
the accumulation of lipid peroxides dependent on iron-related free results from impaired synthesis or increased oxidative consumption,
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Fig. 6. SeChry@PUREg4-LA,4 induces significant metabolic shifts in the sera of H292 and PC-9 mice xenografts. (A) PCA and (B) Partial Least-Squares
Discriminant Analysis (PLS-DA) of the TH-NMR spectra acquired from the blood sera at euthanasia of H292 mice xenografts treated with PUREg4-LAy4 (P) and
SeChry@PUREg4-LAs4 (S), considering only significantly altered buckets. (C) Variable of Importance (VIP) scores plots depicting the 15 most significant buckets (VIP
> 1.0) contributing to the group separations observed in the PLS-DA model in H292 xenografts. (D) Heatmap of the 15 significantly altered buckets in H292 xe-
nografts. (E) Relative resonance area of the bucket corresponding to acetate, allowing the separation between PUREGg4-LA34 and SeChry@PUREg4-LA,,4 group in
H292 xenografts. (F) PCA and (G) PLS-DA of the 1H-NMR spectra acquired from the blood sera at euthanasia of PC-9 mice xenografts treated with PUREg4-LA24 (P)
and SeChry@PUREg4-LA24 (S), considering only significantly altered buckets. (H) Variable of Importance (VIP) score plots depicting the 13 most significant buckets
(VIP > 1.0) contributing to the group separations observed in the PLS-DA model in PC-9 xenografts. (I) Heatmap of the 13 significantly altered buckets in PC-9
xenografts. (J-L) Relative resonance area of the buckets corresponding to the metabolites that allow the separation between PUREg4-LAy4 and SeChry @PUREgy-
LAy4 group in PC-9 xenografts. Data is represented as mean + SD. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-tailed unpaired Student’s t-test

was used).
<
<

rather than limited precursor availability. These findings align with our
prior work showing that SeChry inhibits CBS, a key enzyme in the
transsulfuration pathway and cysteine degradation [50], which further
contributes to reduced GSH biosynthesis. The PTGS2 expression, a
downstream marker associated with lipid peroxidation and ferroptosis,
was upregulated in H292 and PC-9 cells exposed to free SeChry and in
H292 cells exposed to SeChry@PUREg4-LA24 (Fig. 1 E), supporting fer-
roptosis. While PTGS2’s mechanistic role in ferroptosis is not fully un-
derstood [78,79], its induction has been widely used as a marker of
ferroptotic stress, and its regulation by NRF2 and GPX4 loss supports its
relevance in this context [32,80,81]. In PC-9 cells treated with
SeChry@PUREG4-LA21, GPX4 mRNA levels were reduced (Fig. 1 E),
whereas GPX4 protein levels were increased in H292 and PC-9 cells
treated with both free and encapsulated SeChry (Fig. 2 H). This suggests
a compensatory response to increased lipid peroxidation; however,
given the observed GSH depletion, the functionality of GPX4 is likely
compromised, reducing its scavenging effect. Moreover, GSS mRNA
levels were significantly downregulated by SeChry@PUREg4-LA24 in
PC-9 cells (Fig. 1 E), showing that GSH biosynthesis is compromised in
this cell line. Together, these findings demonstrate that SeChry and
SeChry@PUREg4-LA2s disrupt the cystine-cysteine-GSH-GPX4 axis,
promoting ferroptotic cell death through redox imbalance and antioxi-
dant system failure. The loss of Aym observed upon SeChry and
SeChry@PUREg4-LA24 (Fig. 2 K), may indicate early mitochondrial
destabilization, which can enhance ROS production and lipid peroxi-
dation, thereby amplifying ferroptotic cell death [82]. Iron overload
induces mitochondrial dysfunction, as demonstrated by impaired
mitochondrial respiration, elevated mitochondrial ROS levels, mito-
chondrial swelling, and notably, depolarization of the mitochondrial
membrane potential, a key feature of the ferroptosis phenotype [83,84].
These results support the induction of ferroptosis as a mechanism of
action of Sechry, which is further potentiated by its targeted delivery
through SeChry@PUREg4-LA24 (Fig. 2 K).

Cancer is a complex disease where the TME, consisting of cellular
(fibroblasts, adipocytes, endothelial, and immune cells) and non-cellular
elements (growth factors, chemokines, cytokines, proteases, extracel-
lular matrix), collectively support cancer cell survival and contributes to
cancer progression [85,86]. In the development of lung cancer, the early
recruitment of new blood vessels, where ECs play a crucial role, is a
significant event [85]. Blood vessels are essential in the TME for sup-
plying nutrients and oxygen to the tumor [85]. In the TME, stressful
conditions such as hypoxia and metabolite availability tend to support
pro-angiogenic events [87]. In this study, it was demonstrated that
HUVECs directly exposed to free or encapsulated SeChry showed
significantly reduced migration compared to control HUVECs (Fig. 3 A).
Additionally, lactate, known to promote angiogenesis [61], was shown
to increase migration and branch point density in HUVECs (Supple-
mentary Fig. 4 A). Interestingly, CM from H292 or PC-9 cells exposed to
SeChry or SeChry@PUREg4-LA24 led to an even greater reduction in
HUVECs migration. This aligns with previously reported decreased
levels of lactate in NSCLC cells” CM following SeChry treatment [35],
which likely contributes to the impaired HUVECs migration. On the
other hand, both free and encapsulated SeChry tended to increase the
tube-forming capacity of HUVECs (Fig. 3 B) and the adherence of NSCLC
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to the HUVECs monolayer needed for transendothelial migration
(Fig. 3 C and D). Our previous study showed that xCT inhibition with
erastin induced a ferroptosis-like mechanism in HUVECs, leading to
increased branch point density, enhanced cancer cell adhesion, and
stimulated transendothelial migration [27]. Therefore, SeChry appears
to interfere with xCT function and, consequently, with cysteine uptake,
potentially contributing to the activation of this pro-angiogenic ferrop-
totic mechanism. HUVECs treated with CM from NSCLC cells exposed to
SeChry@PUREg4-LAo4 showed reduced branch point density and
vessel-like structures (Fig. 3 B), indicating that SeChry-treated cancer
cells release pro-oxidant factors that inhibit endothelial cell migration
and tube formation, thus suppressing angiogenesis. This was supported
by ex vivo CAM assays, where SeChry@PUREg4-LAo4 reduced tumor
growth and tended to decrease angiogenesis (Fig. 4). Although the
highest concentration tested resulted in egg mortality, the overall find-
ings suggest SeChry exerts anti-cancer effects both by inducing cancer
cell death and by impairing angiogenesis through cancer cell-mediated
mechanisms. A recent study showed that chrysin reduced HIF-1a
expression in tumor cells in vitro and hindered tumor cell-induced
angiogenesis in vivo [88]. Additionally, selenium was shown to exert a
significant inhibitory effect on tumor angiogenesis by targeting TrxR,
leading to cell apoptosis and cell cycle arrest, and increasing reactive
ROS production in ECs [89].

The innovative outcome of this study is the significantly reduced
lung tumor burden by the pulmonary administration of the dry powder
formulations containing SeChry@PUREgs4-LAg4. Moreover, mice
receiving this therapy showed less cachexia than those exposed to the
empty nanoparticles PUREg4-LAo4 (Fig. 5 A, B and C), highlighting the
reduced disease progression in the treated group. We previously re-
ported that SeChry disrupts cysteine metabolism and depletes GSH,
leading to cell death [56]. Additionally, SeChry can degrade intracel-
lularly, releasing selenium and chrysin, both of which have demon-
strated anti-cancer effects in various studies across different cancer
models [90-92]. The inhalable drug delivery system presented in our
study provides a non-invasive method for targeting cancer cells in the
lungs. Inhalation approaches can minimize systemic toxicities affecting
the whole body and allow for lower doses while enhancing local drug
concentration and improving anti-tumor therapy [93]. Importantly, no
morphological alterations, including necrosis or fibrosis, were observed
in the liver and kidneys of the mice, the primary organs responsible for
drug excretion, indicating that the treatment did not cause severe sys-
temic toxic effects by the end of the experimental protocol (Fig. 5 D).
This aligns with the advantage of pulmonary delivery systems, which,
compared to conventional oral or intravenous routes, benefit from lower
enzyme activity in the lungs, thereby reducing hepatic metabolism and
enhancing drug bioavailability [93,94]. The reduced activation of
angiogenesis following treatment may contribute to the absence of
detectable SeChry in the bloodstream of treated mice. This supports the
effectiveness of direct tumor-site delivery, which minimizes exposure to
other organs, reduces toxicity to healthy tissues, and promotes a rapid
therapeutic response [95]. Previous studies have demonstrated the
promise of dendrimer-based delivery systems for lung-targeted thera-
pies. For example, DOX-conjugated dendrimers significantly increased
drug retention in the lungs and enhanced anti-tumor efficacy compared
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to conventional doxorubicin administration [96]. Additionally,
siRNA-loaded PAMAM dendriplexes successfully targeted lung epithe-
lial cells, leading to effective gene silencing and potential therapeutic
benefits [97]. Nevertheless, the functionalization of nanoparticles with
lactate is innovative, and although comparable studies are lacking, it
appears to enhance the specific delivery of nanoparticles and SeChry to
cancer cells. In solid tumors, the enhanced permeability and retention
(EPR) effect occurs due to the leakiness of blood vessels and impaired
lymphatic drainage, allowing nanoparticles to extravasate from the
bloodstream and accumulate in the TME [98]. The EPR effect and pas-
sive accumulation of nanoparticles in the TME, driven by pressure gra-
dients, are insufficient to fully explain nanoparticle entry into cancer
cells. Therefore, active mechanisms of cellular entry, retention, and
clearance must also be involved, as reviewed elsewhere [100,98,99].
Another issue that warrants further clarification is the mechanism
mediating the uptake of SeChry@PUREg4-LA24 directly by cancer cells.
Extensive research has shown that nanoparticles carrying drugs can
evade efflux transporters by entering cancer cells through endocytic
pathways rather than passive diffusion. This allows the drug to be
released closer to the nucleus, away from the cell membrane where
efflux pumps are concentrated [101]. Ligand-functionalized nano-
particles can trigger receptor-mediated endocytosis, enabling efficient
internalization and drug delivery [102]. Common uptake routes include
clathrin-mediated and caveolae-mediated endocytosis, as well as mac-
ropinocytosis [103]. The efficiency of these processes is strongly influ-
enced by the nanoparticle’s physicochemical properties, such as size,
shape, charge, and lipophilicity, as well as the type of target cell [104].
Cancer cells express significantly higher levels of MCTs compared to
normal cells; therefore, lactate-functionalized nanoparticles can
enhance the EPR effect as well as mediate endocytosis. The activation of
bulk or caveolae-mediated endocytosis by MCT1 has been described
[105,106], which may favor the specificity of targeting cancer cells with
SeChry@PUREg4-LA24. In colon cancer cells, it was demonstrated that
polyethylene glycol (PEG) nanoparticles functionalized with butyrate
are efficiently imported by MCT1-mediated endocytosis [107]. In a
similar system using folate-functionalized PURE to take advantage of the
increased expression of folate receptor-alpha (FR-a) in cancer cells, we
demonstrated  nanoparticle  internalization @~ by  employing
fluorescein-loaded PUREg4-FA, (FL@PUREG4-FA5). We observed that as
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the nanoparticle concentration increased, the intracellular fluorescein
signal also increased, with uptake proportional to the levels of FR-a
expression [108].

Treatment with SeChry@PUREg4-LAy4-induced systemic metabolic
changes, as reflected by altered serum metabolite profiles (Fig. 5 E). In
H292 xenografts, increased acetate (Fig. 6 E) and citrate (Fig. 6 K) levels
suggest mitochondrial dysfunction and impaired TCA cycle activity
[109]. Elevated glucose levels (Fig. 6 J) in treated mice may result from
reduced cellular glucose uptake, enhanced gluconeogenesis, or hor-
monal imbalances affecting glucose regulation [110]. In PC-9 xeno-
grafts, increased isobutyrate levels (Fig. 6 L) suggest enhanced
branched-chain amino acid (BCAA) catabolism [111], possibly reflect-
ing metabolic stress or a shift toward alternative energy sources. As
short-chain fatty acids (SCFAs), including isobutyrate, play roles in
cellular energy production, signaling, and maintaining metabolic ho-
meostasis [112], these changes collectively point to disrupted energy
metabolism and cellular stress responses. In Fig. 7, we illustrate how the
disruption of energy metabolism and redox homeostasis lead to cancer
cell death, highlighting the therapeutic potential of SeChry@PUR-
Eg4-LA24 in NSCLC treatment.

A major outcome of this study is the development of an inhalable
nanoformulation designed for the localized delivery of the therapeutic
agent directly to lung cancer cells, thereby circumventing the need for
administration via the bloodstream. The SeChry@PUREg4-LA24 targeted
delivery strategy enhances therapeutic efficacy, as evidenced by the
significantly reduced tumor burden in the lungs. This is achieved by
maximizing drug concentration at the tumor site while minimizing off-
target distribution to healthy tissues. Additionally, the identification of
altered serum metabolites suggests their potential as non-invasive bio-
markers for following the therapeutic efficacy of SeChry@PUREg4-LA24
in NSCLC treatment. Monitoring such biomarkers in real time may
facilitate early prediction of treatment outcomes, allowing for timely
adjustments to dosage or regimen to enhance efficacy and reduce
toxicity. This underscores the clinical relevance of metabolite profiling
in optimizing SeChry-based therapies and improving patient manage-
ment and personalized therapeutic strategies.
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Fig. 7. SeChry and SeChry@PUREg4-LA,4 disrupt NSCLC cell metabolism, increasing oxidative stress and promoting cell death. SeChry treatment induces
disruptions in redox homeostasis and cellular biosynthesis, affecting glucose, lactate, glutamine, cystine, and glutamate metabolism. SeChry@PUREg4-LA,4 induces
high levels of ROS and lipid peroxides, leading to mitochondrial dysfunction and promoting oxidative stress and cell death through ferroptosis. The treatment impacts
the xCT-GSH axis, contributing to redox imbalance. NSCLC cells exposed to SeChry@PUREg4-LA,4 release pro-oxidant factors that decrease the migration and tube-
forming ability of endothelial cells, while also exhibiting disrupted pyruvate metabolism and altered glutaminolysis pathways.
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