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Abstract

Background Inducible nitric oxide synthase (iNOS) is a key driver of aberrant angiogenesis in inflammatory
conditions and cancer, making it an attractive therapeutic target. Nevertheless, its function can be affected by the
complex immune responses and tumor microenvironment (TME). Hence, combinatorial treatment approaches
that simultaneously target iNOS and immune-modulatory signaling are strongly recommended for cancer therapy.
Moreover, the current iINOS inhibitors are limited by poor pharmacokinetics and a lack of selectivity.

Results To address these challenges, we developed a glutathione (GSH)-responsive iINOS-inhibiting polymeric
prodrug (GRIP) decorated with betamethasone succinate (NPg.c). These dual-function nanoparticles (NPg.)

remain stable under physiological conditions but selectively release their payload in response to elevated GSH
levels, a hallmark of the TME. Only upon activation by GSH, NP;.c inhibits INOS, as evidenced by suppressed
lipopolysaccharide (LPS)-induced nitric oxide (NO) production in RAW 264.7 macrophages. NPg,s also normalized
vascular endothelial growth factor (VEGF)-mediated tube formation in HUVECs and 3T3-L1 fibroblast cell migration,
and angiogenesis in the CAM assay, demonstrating its anti-angiogenic activity. Importantly, GRIP did not impair
acetylcholine (ACh)-induced vasodilation in rat aorta, even at elevated concentrations, indicating preservation of
eNOS function.

Conclusions This is the first report of a GSH-responsive polymeric prodrug system that leverages intracellular GSH
for both controlled release of anionic therapeutic agents and in situ synthesis of an iINOS antagonist. Through these
two complementary pathways, the system enables targeted, sustained anti-angiogenic effects and promotes vascular
normalization. This dual-function platform holds strong potential for the treatment of cancer-associated angiogenesis.
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Background improvements in overall survival, extending life by weeks

Angiogenesis, the formation of new blood vessels from
existing ones, plays a pivotal role in cancer progres-
sion, metastasis, and chronic inflammation [1]. To meet
the increased demand for nutrients and facilitate the
removal of metabolic waste and CO,, tumor cells exploit
physiological angiogenic mechanisms, driving neovas-
cularization. Since tumors cannot grow beyond a few
millimeters or metastasize without an adequate blood
supply, targeting angiogenesis has been a cornerstone of
cancer therapy for nearly five decades [1]. Despite sig-
nificant efforts to develop anti-angiogenic therapies and
their demonstrated efficacy in certain cancers, such as
renal cell carcinoma, current treatments, even in com-
bination with chemotherapy, generally yield only modest

to a few months in patients with solid tumors [2].
Resistance to anti-angiogenic therapies arises from var-
ious adaptive or evasive mechanisms activated within the
TME, largely driven by its hallmark features of hypoxia
and persistent nutrient demand. To survive, tumors
employ multiple strategies, including upregulation of
antioxidant systems (e.g., elevated GSH levels), increased
production of signaling molecules such as nitric oxide
(NO), and secretion of pro-angiogenic growth factors
like vascular endothelial growth factor (VEGF), fibroblast
growth factors (FGFs), and transforming growth factor
(TGF) to stimulate blood vessel formation. Furthermore,
alternative modes of tumor vascularization, such as intus-
susception, vasculogenic mimicry, transdifferentiation of
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cancer stem cells into endothelial-like cells, vasculogenic
vessel growth, and vessel co-option, may emerge, many
of which respond poorly to VEGF-targeted therapies [3].

Given the limited efficacy of conventional anti-angio-
genic therapies, there has been a strategic shift toward
vessel normalization strategies. These approaches aim
to improve the structure and function of tumor vascula-
ture by modulating key mechanisms within the TME [4].
Consequently, targeting additional signaling pathways
that regulate tumor vasculature is essential to enhance
clinical outcomes in cancer therapy.

NO is a critical signaling molecule involved in all forms
of tumor vessel formation, including angiogenesis [5].
In humans, NO is synthesized from L-arginine by nitric
oxide synthase (NOS), which exists in three isoforms:
neuronal (nNOS), inducible (iNOS), and endothelial
(eNOS) [6]. Although these isoforms share a common
biochemical pathway for NO production, they differ in
cellular distribution and activation mechanisms. eNOS
is vital for cardiovascular homeostasis, whereas iNOS
expression and activity are markedly elevated in patho-
logical states such as inflammation and cancer [7]. Tumor
vessel formation and NO signaling are intricately inter-
connected: elevated NO levels promote angiogenesis,
while angiogenesis, in turn, enhances the expression and
activity of eNOS and iNOS [8, 9]. As a result, NOS inhi-
bition has been investigated for decades as a strategy to
suppress tumor angiogenesis. However, the clinical utility
of current NOS inhibitors is limited by poor tissue selec-
tivity, and non-specific inhibition of NOS, especially of
eNOS, can cause severe cardiovascular side effects, such
as hypertension.

To address the unmet clinical need for more effective
anti-angiogenic therapies, we developed GRIP, which
selectively inhibits iNOS upon activation by GSH. Addi-
tionally, the cationic nature of GRIP enables it to serve as
a delivery vehicle for hydrophobic drugs bearing anionic
or acidic moieties, facilitating synergistic anticancer
effects. We formulated nanoparticles (NPs) by complex-
ing GRIP with betamethasone succinate (BeS), which
exhibited remarkable GSH-responsiveness and potent
anti-angiogenic activity both in vitro and in ovo.

Methods

Materials

Unless otherwise stated, all reagents utilized in this
study were sourced from TCI-Belgium (Zwijndrecht,
Belgium) or Merck (Sigma-Aldrich, St Louis, MI, USA).
Solvents were procured from Thermo Fisher Scientific
(Waltham, MA, USA) or Merck (Rahway, NJ, USA) and
used as received, without additional purification. Nuclear
magnetic resonance (NMR) spectra were recorded using
a 400 MHz NMR instrument (JEOL, Tokyo, Japan) and
analyzed using MestReNova software (v.15, CIREM
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licensed). Transmission electron microscopy (TEM) was
carried out at CMMI center of ULB using Tecnai 10 100
kV instrument. Cell culture reagents were supplied by
Thermo Fisher Scientific.

Synthesis of GRIP

To synthesize GRIP, we initially protected one of the
amine groups of cystamine with di-tert-butyl dicarbonate
(BOC anhydride) to make mono-BOC-protected cysta-
mine. Cystamine dihydrochloride was solubilized in dis-
tilled water, and the pH was increased to 10 using 1 M
NaOH. The solution was then extracted three times with
ethyl acetate and evaporated to make cystamine. To a 20
mL solution of cystamine (75 mg/mL) in dichlorometh-
ane (DCM), 2.19 g of BOC anhydride (10 mmol, solubi-
lized in 80 mL DCM) was added dropwise overnight. The
resulting solution was worked up, and the organic layers
were separated and evaporated to get 1.56 g of mono-
BOC-protected cystamine as a white solid.

Next, 0.42 g (2.5 mmol) of poly (isobutylene-alt-maleic
anhydride; PIMA; MW =6 kDa) was reacted with 0.5 g
of mono-BOC-protected cystamine in dichlorometh-
ane (DCM) for 4 h at room temperature. The reaction
of mono-BOC-protected cystamine with the anhydride
group makes an amide bond and a free acid group. The
carboxylic groups of the resulting compound were acti-
vated with 0.38 g 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 0.35 g N-hydroxysuccinimide
(NHS) and then reacted first with 0.4 g (0.067 mmol)
methoxy polyethylene glycol amine (PEG-Amine,
MW =5 kDa), followed by an excess of mono-BOC-pro-
tected cystamine to form compound 2.

To remove the BOC groups, 5 mL of trifluoroacetic
acid (TFA) was added to 0.5 g of compound 2 (dissolved
in 10 mL DCM) at room temperature and stirred for 4 h.
The solvent was evaporated, and the resulting compound
was dissolved in 15 mL of ethanol, followed by reaction
with excess ethyl acetimidate in the presence of triethyl-
amine (Et;N). After 24 h, the solvent was evaporated, and
the crude product was redissolved in a few drops of etha-
nol, followed by the addition of distilled water. The solu-
tion was dialyzed against distilled water using a 3.5 kDa
molecular weight cut-off membrane for 72 h. The dialy-
sate was then freeze-dried and stored at —20 °C for fur-
ther analysis or use.

Decorating GRIP with ionic molecules

NPs were prepared via ionic interactions between cat-
ionic GRIP and various anionic compounds (e.g., Eosin,
Cy5.5, BeS, or carboxymethyl cellulose; CMC) as pre-
viously described [10]. Different weight ratios (w/w)
of the cation and anion components were mixed in 1x
phosphate-buffered saline (PBS) at pH 7.4 and vortexed
vigorously for 30 min. The size and surface charge of the
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resulting NPs were assessed using the Zetasizer Nano
series (Malvern ZEN3600).

iNOS Inhibition assay

iNOS enzymatic activity was measured by quantify-
ing the NO generated using a commercial iNOS activ-
ity kit containing 3.6 U/mL of iNOS in 50 mM HEPES
buffer  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), in the presence of NADPH (300 pM), magnesium
acetate (1.0 mM), tetrahydrobiopterin (180 puM), and
dithiothreitol (1.8 uM). The generated NO in the solu-
tion was quantified using the Griess assay [10]. To evalu-
ate the effect of GSH on GRIP activity, compounds were
pre-incubated with or without 5 mM GSH, followed by
dialysis in a semipermeable sac (3.5 kDa cutoff) against
distilled water for 24 h at room temperature. The result-
ing dialysate was freeze-dried and stored at -20 °C for
further analysis.

Docking of GSSEA to human iNOS

Ethyl acetamidated GSH (GSSEA) and the reaction prod-
uct formed between GRIP and cysteine (CySSEA) was
docked to the crystal structure of the catalytic domain
of human iNOS (PDB code 4NOS, chain A) using the
Attracting Cavities option in SwissDock 2024 [11, 12]
with the following settings: box size 25, 20, 20, sampling
exhaustivity medium, cavity prioritization buried, and
number of RIC 1. For GSSEA, 49 clusters of docking
solutions were obtained, which were evaluated based on
the Attracting Cavities (AC) score and SwissParam score.
The best member of the top cluster (cluster 0) scored bet-
ter on both these scores compared to all other clusters
(Table S1). The figure showing the docking results was
made using PyMOL (version 2.3.1, Schrédinger LLC).

Eosin release study from GRIP-based NPs

A nanosized polyionic complex was formed by combin-
ing GRIP with eosin, a traceable acidic molecule, at a
weight ratio of 2:1 (GRIP: eosin) to achieve a neutral sur-
face charge. The formulation was dialyzed against dis-
tilled water for 48 h and then lyophilized to get a reddish
powder. A 1 mg/mL solution of GRIP-Eosin was used to
track the release of negative compound (tracible com-
pound) from the decorated GRIP using the dialysis tech-
nique. Hence, 2 mL of GRIP-Eosin solution (1 mg/mL)
was prepared in PBS at different pH values (6.0, 7.4, and
8.0) or in the presence of 10mM of GSH and kept inside
small sacs made of dialysis membrane with a molecular
weight cut-off of 3.5 KDa. Then, these sacs were sub-
merged in 40 mL of PBS, and the release of eosin was
tracked by measuring the absorbance at 520 nm using
a spectrophotometer (Spark® multimode microplate
reader).
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Cell culture

Three different cell types were used in this study: murine
fibroblasts (3T3-L1, ATCC, Manassas, VA, USA), murine
macrophages (RAW264.7, ATCC), and human umbilical
vein endothelial cells (HUVECs, ATCC, Passage 6-8).
3T3-L1 and RAW?264.7 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 units/mL penicillin
and 100 pg/mL streptomycin. HUVECs were grown in
endothelial growth medium (CRL-1730™, ATCC) fol-
lowing the manufacturer’s guidelines, containing human
epidermal growth factor (hEGF), VEGE, human fibroblast
growth factor-B (hFGF-B), R3-insulin-like growth fac-
tor-1 (R3-IGF-1), with additional supplementation of 10%
FBS, 100 units/mL penicillin and 100 pg/mL streptomy-
cin. All cells were maintained as monolayers in a humidi-
fied incubator set to 37 °C, with a 5% CO, atmosphere.

Cell viability assay

To assess cell viability, RAW?264.7 cells were plated in
96-well plates at a density of 5,000 cells per well and
allowed to proliferate for 24 h. Cells were then treated
with varying concentrations of the tested compounds for
48 h. After treatment, the culture medium was discarded
and replaced with 100 uL of a 0.4 mg/mL MTT solution
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) in fresh medium. Following a 3 h incubation,
the medium was removed, and the resulting formazan
crystals were dissolved in 100 pL of DMSO. Absorbance
was measured at 540 nm using a plate reader (Victor
X2, PerkinElmer, Waltham, MA, USA) to determine cell
viability.

In vitro scratch cell migration assay

A scratch assay was used to assess the effects of NPs on
VEGF-induced migration. NIH 3T3-L1 cells (1x10°)
were seeded in 24-well plates and allowed to grow for
12 h. The medium was then replaced with fresh medium
containing 1% FBS, and cells were incubated for an addi-
tional 12 h. Once confluence was reached, cells were
scratched with a sterile 200 pL pipette tip to generate a
uniform gap. Cellular debris was removed by gentle rins-
ing with PBS. Cells were subsequently treated with VEGF
alone (50 ng/mL) or in combination with GSSEA (equal
amount to base of NPs), BeS (10 M), or NPBeS (10 pM)
for a further 12 h in fresh medium containing 0.5% FBS.
Images of the scratched area were acquired at 0 and 12 h
using an LSM900 microscope with Airyscan (Carl Zeiss,
Oberkochen, Germany) using a 10x objective. Scratch
width was quantified using Image] software, and migra-
tion was expressed as the percentage of scratch closure.
Representative cells were stained with phalloidine 0.4 and
DAPI (1 uM) and imaged using the microsope.
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Fluorescent detection of NO generation

RAW?264.7 cells were seeded at a density of 10,000 cells/
well in 96-well microscopy plates and incubated for 24 h.
Cells were then treated with various concentrations of the
tested compounds for 4-24 h, followed by staining with 4
uM 4,5-diaminofluorescein-2 diacetate (DAF-2Da), a flu-
orescent probe for NO, for 45 min at 37°C. Excess DAF-
2Da was removed by washing the cells twice with fresh
medium. Imaging was performed under controlled CO,
and temperature conditions using an LSM900 micro-
scope with Airyscan (Carl Zeiss) using a 20x objective.

Immunofluorescence of iINOS and vimentin

10,000 cells/well were seeded into 8-well chamber slides
and incubated for 24 h, followed by treatment with VEGF
(50 ng/ml) alone or in combination with GSSEA, BeS
(10puM), or NPg.s (10uM) for an additional 24 h. Cells
were then washed with ice-cold PBS, fixed with 4% form-
aldehyde in PBS on ice for 15 min, and permeabilized
with 0.1% Triton X-100 in PBS at room temperature for
5 min. After three PBS washes, samples were blocked
with 5% goat serum in PBS for 1 h. Cells were incubated
with rabbit primary antibodies against iNOS (1:65, PA3-
030 A, ThermoFisher) and vimentin (1:100; #5741, Cell
Signaling Technology, Danvers, MA, USA) diluted in 5%
blocking buffer for 12 h at 4 °C. Afterward, samples were
incubated with a fluorescent anti-rabbit secondary anti-
body (1:1000, #7074, Cell Signaling Technology) for 1 h
in a dark, humidified chamber at room temperature, fol-
lowed by nuclear staining with DAPI (1 pg/mL) for 5 min.
After drying, slides were mounted with ProLong™ Gold
(Thermo Fisher Scientific) and visualized using confocal
microscopy (LSM900 with Airyscan; Carl Zeiss). Fluores-
cence intensity was analysed using Image] and normal-
ized to cell number based on nuclear counts.

iNOS western blotting

To assess iNOS expression, cells were collected 24 h after
treatment with LPS (500 ng/ml) alone or in combination
with equal amount of GSSEA, BeS (10 uM), or NPBeS
(10 uM) and lysed in a 50 mM Tris-HCl buffer containing
150 mM NaCl, 0.05% SDS, 1% Triton X-100, and a pro-
tease inhibitor cocktail (Thermo Fisher Scientific). Total
protein concentrations were quantified using the BCA
Protein Assay Kit (Thermo Fisher Scientific). For immu-
noblotting, 25 pg of protein per sample was combined
with loading buffer containing 1% p-mercaptoethanol,
denatured at 100 °C for 10 min, and separated on a 12%
SDS-PAGE gel. Proteins were transferred onto PVDF
membranes (Invitrogen, Carlsbad, CA, USA), which
were then blocked in PBS-T (0.1% Tween 20 in PBS)
with 5% non-fat dry milk for 1 h at room temperature.
Membranes were incubated overnight at 4 °C with a rab-
bit anti-iNOS primary antibody (1:450, #PA3-030 A,
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Thermo Fisher Scientific), followed by a 1 h incubation
with HRP-conjugated anti-rabbit secondary antibody
(1:3000, #7074, Cell Signaling Technology) diluted in
PBS-T with 5% milk at room temperature. After three
washes with PBS-T, signal was detected using enhanced
chemiluminescence (ECL) reagents (5 min, RT), and
bands were visualized with the Amersham Imager 600
system (GE Healthcare Life Sciences, Malborough, MA,
USA). Semi-quantitative analysis of iNOS expression was
performed using the ratio of iNOS bands to the B-actin
through gel analysis by Fiji (Image]).

HUVEC tube formation assay

Matrigel solution was thawed on ice and gently dispensed
into a 96-well plate, followed by a 1 h incubation at 37 °C
to allow hydrogel formation. Then, 10,000 HUVECsS sus-
pended in medium containing 5% FBS were added to
each well and treated with VEGF (50 ng/ml) alone or in
combination with GSSEA, BeS (10uM), or NPg.¢ (10uM).
After 24 h of incubation at 37 °C, tubular structures were
imaged under a microscope and quantitatively analyzed
using the Angiogenesis Analyzer plugin in Fiji (Image]).

Chick chorioallantoic membrane (CAM) assay

Fertilized Race Leghorn blanc chicken eggs were
obtained from Kwekerij van het Hallerbos (Halle, Bel-
gium). Eggs were gently washed with 37 °C water for a
few minutes to remove dirt and debris, dried with clean
tissues, and incubated in a MultiQuip Incubator at 37 °C
with 60% humidity. After 60 h incubation, the eggs were
disinfected with 70% ethanol, the shells carefully cracked,
and the embryos transferred to plastic weighing boats
covered with disinfected parafilm. The embryos were
returned to the incubator at 37 °C for 24 h, during which
dead and damaged embryos were excluded. To assess the
effects of the tested compounds on angiogenesis, 6 mm
filter discs (Whatman filter paper no. 5) soaked with
VEGF (100 ng/embryo), either alone or in combination
with other compounds, were applied topically onto the
CAM. After 24 h, CAMs were imaged using a Nikon
SMZ 745 camera (Tokyo, Japan), and angiogenesis was
quantified by measuring the number of branches, num-
ber of junctions, and total length. The embryos tested
during the treatment procedure were at Hamburger—
Hamilton (HH) stages 20—-22.

Vasoreactivity assay

The study (protocol acceptation number 921IN) was
approved by the Institutional Animal Care and Use Com-
mittee at the Faculty of Medicine, Université Libre de
Bruxelles (Brussels, Belgium) and conducted in accor-
dance with the guidelines of the Guide for the Care
and Use of Laboratory Animals (NIH Publication No.
85-23, revised 1996). Male Wistar rats (weighing 421 +
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(See figure on previous page.)

Fig. 1 GRIP is a GSH-responsive polymer that forms nanosized polyionic nanoparticles (NPs), enabling controlled drug release, selective iNOS inhibition,
and efficient intracellular delivery. (a) Synthesis of GRIP. (b) GRIP forms NPs upon interaction with ionic polymers or molecules. For example, the interac-
tion between GRIP (cation) and carboxymethy! cellulose (CMC, anion) leads to the formation of NP € & d. Surface charge and size distribution of NPs
synthesized at varying GRIP to CMC ratios. The average size of NPs increases with higher cation/anion ratios. e. Mechanism of GRIP activation by GSH
leading to ethyl acetamidated GSH (GSSEA). f & g. Characterization of GSSEA synthesis using "HNMR and '3CNMR, confirming the reaction between GSH
and GRIP after 6 h of incubation at 37 °C. h. NP, exhibits an average size of approximately 170 nm and remains stable in PBS for at least 72 h.i. Exposure
to 5 mM GSH results in increased polydispersity (Figure S2) and size of the NP¢;,. j. TEM images of NP, and NP, when exposed to 5mM GSH for
72 h. k. Schematic representation illustrating how NP, composed of GRIP and the acidic/anionic payload, functions as a GSH-responsive drug carrier.
Created by BioRender.com. . The release of Eosin Y from NP in the presence or absense of 5mM GSH. m. Antagonistic activity of INOS by GRIP (NP¢,c)
and its GSH-activated form, GSSEA. GRIP exhibits no inhibition up to 50 uM, whereas GSSEA significantly inhibits iNOS at 10 uM (p=0.047) and more
strongly at 50 uM (p=0.008). n. Cellular uptake of GRIP NPs labeled with Cy5.5 (NP s), evaluated using confocal microscopy in the presence or absence
of LysoTracker. The colocalization analysis showed the lack of overlap between the Cy5.5 (red) and LysoTracker (green) signals, suggesting endosomal

escape or cytosolic delivery. Data are expressed as mean +SD (n=3) Created with BioRender.com

11 g) were obtained from Janvier (Le Genest Saint-Isle,
France).

The effects of the treatments on vascular tone were
evaluated using rat thoracic aortic rings, as previously
described [13]. In brief, rats were euthanized by exsan-
guination (abdominal aorta transection) under deep
inhaled anesthesia with 5% isoflurane. The thoracic aorta
was dissected, cleared of blood, and cut into 2.7-3.8 mm-
length transverse rings with intact endothelium. Rings
were placed in Krebs-Henseleit solution (118 mmol/L
NaCl, 4.7 mmol/L KCl, 1.2 mmol/L MgSO,, 1.2 mmol/L
KH,PO,, 2.5 mmol/L CaCl,, 25 mmol/L NaHCO,;, 5.1
mmol/L glucose), bubbled with 95% O, and 5% CO, and
maintained at 37 °C under 1 g of baseline resting ten-
sion. After a 20-minute equilibration period, contractile
responses were first tested with 80 mmol/L KCl. Follow-
ing washout, contraction was induced using 1 pmol/L
phenylephrine hydrochloride (PE). Endothelium-depen-
dent vasorelaxation was then evaluated with acetylcho-
line (ACh; 107" mol/L; Sigma-Aldrich, StLouis, Mo, USA)
in PE-precontracted rings. Vessels that did not respond
more than 65% of the contraction induced by phenyleph-
rine were excluded from the study. After another washout
and return to baseline tone, this protocol was repeated
with PE-induced contraction and acetylcholine-mediated
vasorelaxation, and then the effects of the treatments on
the vascular tension were recorded using an isometric
force transducer (connected to a data acquisition system;
EMKA Technologies, Paris, France).

Data analysis

Data were expressed as meanst+standard deviations
(SD). Statistical analyses were carried out using Graph-
Pad Prism v9 (Boston, MA, USA). Depending on data
distribution, group differences were assessed using either
one-way ANOVA or the Kruskal-Wallis test. Differences
were considered significant if p <0.05.

Results and discussion

The results from the synthesis and evaluation of GSH-
responsiveness, as well as the in vitro, in ovo, and ex vivo
studies on rat aorta, are presented below. The following

subsections provide a detailed analysis of these key find-
ings, beginning with the synthesis of GRIP.

Synthesis of GRIP

As depicted in Fig. 1a, the synthesis of GRIP involves
three main steps: (i) formation of a mono-BOC-protected
intermediate; (ii) reaction of this intermediate and PEG-
Amine with PIMA to yield compound 2; and (iii) deprot-
ection of the BOC groups, followed by conversion of the
free amine in cystamine to an acetimidate. The '"HNMR
spectrum of PIMA, the backbone of GRIP, displays two —
CH- proton signals at 3.27 and 3.10 ppm (Figure S1, Sup-
porting Information). In GRIP, these signals shift upfield
and appear at (a) 2.71 and (b) 2.32 ppm. GRIP also exhib-
its a distinct peak at 3.73 ppm, corresponding to the alkyl
groups of the conjugated PEG-Amine. Additional new
peaks observed at 3.66, 3.24, and 3.01 ppm are attributed
to the —CH,— protons of cystamine. The methyl group (-
CH,) of the acetimidate appears at 2.28 ppm.

Decorating GRIP with anionic molecules
Polyionic complex NPs, often referred to as polyelec-
trolyte NPs, are a class of nanomaterials formed by the
interaction between positively and negatively charged
polymers. These electrostatic forces drive their self-
assembly of the polymers into stable structures like
micelles, vesicles, or core-shell configurations. Thanks
to their ability to encapsulate charged therapeutic com-
pounds, such as anticancer agents, antimicrobial sub-
stances, and imaging dyes, these NPs have found broad
use in biomedical research [14—16]. The remarkable ver-
satility of these NPs stems from the ease with which their
properties can be customized. By varying factors such
as polymer chain length, charge ratio, or incorporating
specific chemical groups like metal-binding moieties,
it is possible to precisely control the size, stability, and
responsiveness of these NPs to biological signals [14—16].
When dissolved in water, GRIP contains a cationic
charge due to its acetimidate groups, enabling it to be
decorated with anionic molecules and/or polymers.
For instance, upon mixing GRIP with CMC, polyionic
complexes with nano-range sizes (NP, Fig. 1b) were



Alimoradi et al. Journal of Nanobiotechnology (2026) 24:194

formed, as shown by DLS. The surface charge (Fig. 1c)
and average size (Fig. 1d) of the resulting NPs depend on
the ratios of cation (GRIP) to anion (CMC). By increasing
the cation ratio from 1/9 to 9/1, the zeta potential shifted
from — 41 mV to + 29 mV. At the 3/1 ratio, the particles
exhibited a neutral surface charge and showed the larg-
est diameter, with an average size of 149 nm. In addition,
polydispersity index (PDI) of the particles at this ratio
showed the lowest among all other formulations and this
indicates the formation of more uniform NPs (Figure
S2). NPs with neutral zeta potential, particularly those
with PEG on their surface, offer higher stability under
physiological conditions by minimizing interactions with
proteins and immune recognition [17, 18]. Hence, neu-
tral-surface-charge NPs were selected for subsequent
biological testing.

GSH-responsive drug release and iNOS Inhibition

The concentration of GSH is elevated in some tumor
types, such as breast, brain, ovarian, and lung cancer,
compared to normal tissues [19]. For example, GSH
levels per gram of wet tissue weight were found to be
approximately twofold higher in breast tumors and up
to fourfold higher in lymph node metastases than in
corresponding normal tissue [20]. Further, intracellu-
lar GSH levels (1-10 mM) are approximately 1000-fold
greater than the extracellular compartment (2-20 pM)
[21]. Hence, GSH-responsive drug delivery systems take
advantage of the elevated intracellular GSH levels charac-
teristic of cancer cells to achieve targeted and controlled
release of therapeutics [21, 22]. These systems commonly
incorporate disulfide bonds that are specifically cleaved
by GSH, leading to NPs breakdown or release of their
payload within the TME.

To assess the GSH-responsiveness of GRIP, we initially
tested whether GRIP could react with GSH to form a bio-
logically active molecule capable of inhibiting iNOS. A
10 mg/mL solution of GRIP in PBS was incubated with
5 mM GSH at 37 °C for 6 h (Fig. 1e). After incubation,
the reaction mixture was dialyzed, and the dialysate was
subsequently concentrated and precipitated by ethanol
addition. The resulting product was analyzed by NMR
spectroscopy, confirming the formation of ethylaceti-
midated GSH (GSSEA). This was indicated by a shift
in the a-proton of cysteine from 4.6 ppm in GSH to 4.8
ppm in GSSEA, along with the appearance of two addi-
tional proton signals at 3.0 ppm and two protons at 3.6
ppm (Fig. 1f and Figure S3). FT-IR analysis confirms the
conversion of the thiol of GSH to a disulfide bond, as evi-
denced by the disappearance of the S-H stretching vibra-
tion at 2528 cm™! (Figure S4). Furthermore, *C NMR
analysis confirms the presence of disulfide ethyl acetimi-
damide transfer (Fig. 1g). In a more biologically relevant
condition, 10 mg/mL solution of PIP was exposed to 5
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mM GSH for 24 h and then the formation of GSSEA was
assessed by high-resolution mass spectroscopy (HRMS)
as 423.1320 (+ H+; Figure S5).

To further evaluate GSH-responsive drug release from
the NPs formulated from GRIP, we electrostatically con-
jugated GRIP with an acidic dye (EosinY) to form NP,
and assessed the dye release under different conditions.
NP, showed an average size of 170+ 39 nm in PBS,
which remained stable over 72 h (Fig. 1h). The PDI of the
NPs in PBS remained unchanged over this period, even
under high salt stress (0.2 M NaCl; Figure S6), indicat-
ing good colloidal stability. In contrast, in the presence
of 5 mM GSH under the same conditions, a significant
increase in both particle size and PDI was observed
(Fig. 1i and Figure S6).

TEM imaging of NP, revealed spherical particles
with an average diameter of 81 nm, which is substantially
smaller than the size measured by DLS. This discrepancy
can be attributed to the hydration and solvation layers
surrounding the particles in solution, which contribute to
the hydrodynamic diameter measured by DLS.

Upon exposure to 5 mM GSH for 72 h, TEM images
showed a marked decrease in electron density, and sub-
stantially fewer particles were detected at the same con-
centration (1 mg mL™). Moreover, the morphology of
the detectable structures differed significantly from that
of intact NP, particles. Indeed, elongated strand-like
structures, very small particles, and occasional resid-
ual NPs were observed. These changes are likely due to
alterations in the ionic structure of GRIP (upon reac-
tion with GSH), leading to the disassembly of polyionic
complexes and reduced electron contrast relative to the
background (Fig. 1j). This activation process is sche-
matically illustrated in Fig. 1k, where interaction of the
GRIP-containing polyionic complexes with GSH results
in GSSEA formation, accompanied by disruption of the
NP structure.

The release of eosin from NPy ;. was assessed using
a dialysis technique in the presence or absence of 5 mM
GSH. NP, demonstrated high stability in PBS, with
only 20.2% cumulative release of eosin over 72 h at 37 °C.
In contrast, GSH exposure led to significantly accel-
erated dye release: within 6 h, the release was already
significantly increased (p<0.05), and by 72 h, the cumu-
lative release was 3.6-fold higher compared to PBS alone
(p<0.001; Fig. 11).

We assessed the antagonistic activity of GRIP-derived
NPs, both intact NPy, (as a prodrug form) and GSSEA
(as the active product), on iNOS activity using iNOS
assay kits. While NP, did not alter iNOS activity even
at concentrations up to 50 pM, GSSEA led to a signifi-
cant decrease in enzyme activity at both 10 uM and 50
UM compared to the control group (p<0.05 and p<0.01,
respectively; Fig. 1m).
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These findings align with the mechanistic activation of
GRIP upon its reaction with GSH (Fig. 1e and k). Follow-
ing reaction with two molecules of GSH, one converts
to GSSEA while the other disrupts the ionic interac-
tions between GRIP and the anionic payload of the NPs,
resulting in enhanced release. This system can modulate
the TME for more selective and targeted treatment, par-
ticularly in tumors with elevated GSH levels compared
to normal tissues, such as pancreatic tumors [23]. In the
context of tumor therapy, this depletion of GSH may be
advantageous, as reduced GSH levels have been shown to
improve therapeutic outcomes in such tumors [24].

Given that iNOS is an intracellular enzyme and GSH
level is almost 1000-fold higher in intracellular fluids
than extracellular ones [21], it is important to determine
whether the NPs can effectively enter cells. To assess cel-
lular uptake, GRIP was formulated with a fluorescent
dye (Cy5.5) to form a traceable NP (NP(,;5). As shown
in Fig. 1m, a 4h incubation with NP ; resulted in sub-
stantial cellular uptake of the NPs (red). The fluorescence
distribution differed from that of LysoTracker (green),
and co-localization analysis revealed a non-diagonal
overlap with the LysoTracker signal (Fig. 1n). This sug-
gests that NP 5 was likely undergoing partial lysosomal
uptake within the cells or was sufficiently stable to escape
lysosomal degradation. Although identifying the exact
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mechanism by which the NPs escape from lysosomes
requires further investigation and is beyond the scope
of this study, it is noteworthy that the concentration of
low-molecular-weight thiols, particularly GSH, is signifi-
cantly lower in lysosomes than in the cytosol [25]. Con-
sequently, the NPs may remain largely inactive within
the lysosomal environment but undergo rapid activation
once they reach the cytosol, where GSH levels are in the
millimolar range.

The structural basis for GSSEA inhibition was inves-
tigated by docking GSSEA into the catalytic domain of
human iNOS (PDB code 4NOS) [26] using SwissDock
2024 [11, 12]. As shown in Fig. 2a and b, GSSEA binds
within the iNOS active site in a conformation that closely
overlaps with crystal structures of iNOS-inhibitor com-
plexes. Specifically, the docking analysis reveals GSSEA
forming bidentate hydrogen bonds with the side chain
of Glu 377 (Fig. 2c), a catalytically important residue
known to be involved in substrate binding [26, 27]. Simi-
lar interactions are observed in the crystal structures of
complexes between human iNOS with aminopyridine
inhibitors (Fig. 2d-e) [28]. Additional hydrogen bonds are
seen between the aminopyridine inhibitors and the back-
bone carbonyl of Trp 372 (Fig. 2d) or the side chain of
Tyr 437 (Fig. 2e), both of which are conserved in the pre-
dicted iNOS-GSSEA structure (Fig. 2c).

b

Fig. 2 Docking of GSSEA to human iNOS. (a) Catalytic domain of human iNOS (PDB code 4NOS) with the heme and tetrahydrobiopterin shown in stick
representation. The docked GSSEA molecule (green) binds close to the heme. (b) Zoomed-in showing how the GSSEA binding site overlaps with previ-
ously published crystal structures of INOS in complex with aminopyridine inhibitors (4CX7-salmon, 3EG7-blue). c-e Comparison of predicted interactions
in the iINOS-GSSEA docking model () and iINOS-aminopyridine inhibitor crystal structures (d-e)
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These findings suggest that cystamine-based disulfide
linkers can function as glutathione-responsive moieties.
Upon exposure to GSH, these linkers alter NP stability,
facilitating enhanced release of the encapsulated anionic
compound. Additionally, upon activation, the GRIP sys-
tem converts intracellular GSH into an iNOS antagonist.
This dual functionality holds significant promise for tar-
geted tumor therapy.

As GRIP activation is mediated by disulfide bond cleav-
age, it may also occur in the presence of other intracel-
lular thiols, such as cysteine. However, intracellular
concentrations of GSH are typically an order of magni-
tude higher than those of cysteine, particularly in certain
cancer cells, including pancreatic tumors, where GSH
levels are significantly elevated relative to normal cells.
In animal cells, GSH concentrations generally range from
0.5 to 10 mM, whereas cysteine concentrations are much
lower, typically 150-250 pM [25]. Indeed, cysteine is
among the least abundant amino acids within cells [29].
Consequently, GRIP activation by GSH is substantially
more likely than activation by other thiols.

Furthermore, docking of the reaction product formed
between GRIP and cysteine (CySSEA) revealed interac-
tion profiles distinct from those of GSSEA. Specifically,
CySSEA does not form the key hydrogen bonds observed
for GSSEA with Trp372 or with the side chain of Tyr437
in iNOS (Figure S7).

Applying GRIP for the delivery of betamethasone

Glucocorticoids exhibit diverse biological effects on
mammalian cells, including immunosuppressive and
anti-inflammatory actions, as well as the induction of
apoptosis, necrosis, and anti-angiogenic activity [30].
These multifaceted mechanisms contribute to the antitu-
mor properties of glucocorticoids through both genomic
and non-genomic pathways [31]. However, most syn-
thetic glucocorticoids are hydrophobic and exhibit poor
pharmacokinetic profiles for effective tumour therapy
[32]. To demonstrate that GRIP can carry hydrophobic
therapeutic agents bearing acidic functional groups, we
developed a formulation of GRIP and Betamethasone
succinate (BeS) via polyionic interactions, termed NPy,
with an average size of 176 nm (Fig. 3a-b). These particle
showed neutral surface charge with a zeta potential of 0.6
+ 4.6 and PDI of 0.19 + 0.1 (Fig. 3c). We then assessed
the effects of GRIP, GSSEA, free BeS, and NPy on the
viability of monocytes (RAW?264.7; Fig. 3d) after 24 h of
treatment. GSSEA did not show any cytotoxic effects up
to 100uM, while GRIP at 100uM resulted in a significant
26% decrease in cell viability (p < 0.01). This cytotoxic
effect may result from the cationic nature of GRIP, which
can disrupt cell membrane stability and lead to cellular
toxicity [33]. Both BeS and NP showed significant
toxicity starting from 50uM compared to the control (p
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< 0.05), with no significant difference observed between
BeS and NPp..

Inhibition of NO overproduction in cells

Treating RAW?264.7 monocytes with LPS (500 ng/mL for
24 h) polarized them toward M1 macrophages, resulting
in significant iNOS expression [34]. This polarization was
associated with a marked increase in intracellular NO
levels, as detected by the NO-specific fluorescent probe
DAF-2Da (Fig. 3e-f) [35]. Exposing these LPS-pretreated
cells to 10 uM BeS or NPy for 3 h did not alter NO lev-
els. In contrast, GSSEA treatment under the same con-
ditions significantly reduced NO production. Despite the
notable cellular uptake of NPy within this timeframe
(Fig. 1n), these findings suggest that NPy, functions
as a prodrug, requiring a longer duration for activation
within the cells. The observed decrease in NO levels with
GSSEA may be attributed to its antagonistic activity on
iNOS.

Under similar conditions, where cells were co-treated
with LPS and GSSEA, BeS, or NPy for 24 h, all the
treatments resulted in a significant decrease in intracel-
lular NO levels (Fig. 3g-h). Similar results were observed
measuring the total nitrite (metabolite of NO and O,) in
the cell culture medium using Griess assay (Figure S8).
This effect is likely due to a combination of direct antago-
nism of iNOS enzymatic activity and downregulation of
iNOS expression, as confirmed by western blot (Fig. 3i,
Figure S9). Corticosteroids such as BeS are recognized
for their potent ability to inhibit iNOS expression at
the transcriptional level. Upon ligand binding, BeS acti-
vates glucocorticoid receptors, which translocate to the
nucleus and interfere with pro-inflammatory transcrip-
tion factors such as NF-kB and AP-1, thereby suppressing
iNOS gene expression [36]. Notably, GSSEA significantly
reduced the iNOS expression level (Figure S9), which
may be a consequence of its antagonistic effect on iNOS
activity. This is consistent with previous reports showing
that classical iNOS antagonists can downregulate iNOS
expression in the cells [37, 38].

Inhibition of aberrant migration

NO exerts a multifaceted and context-dependent influ-
ence on cell migration and metastasis, functioning as a
promoter and inhibitor of tumor progression depending
on its concentration, exposure duration, and the cellular
environment [39]. NO can facilitate cancer cell migration
and invasiveness by modulating key signaling pathways,
including PI3K/Akt, MAPK, and mTOR, and by inducing
cytoskeletal reorganization, processes critical for metas-
tasis [39, 40]. For instance, prolonged NO exposure in
lung cancer cells has been shown to enhance migratory
behavior through upregulation of caveolin-1 and activa-
tion of focal adhesion kinase (FAK) and Akt signaling
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Fig. 3 GRIP-based NPs function as GSH-responsive iNOS antagonists. (@) Mechanism of NPg.s (nanoparticles of betamethasone succinate) synthesis via
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(d) Effects of GRIP, GSSEA, BeS, or NP on the cell viability of RAW 267.4 macrophages after 24 h of incubation. e-h. Effects of 3 h

(e-f) or 24 h (g-h) incu-

bation with LPS alone or in combination with GSSEA, BeS, or NPg.c on NO production in RAW 267.4 cells using DAF-2Da (green). Nuclei were stained with

DAPI (blue).
Differences were considered significant if p < 0.05

pathways [41]. NO is a critical downstream mediator of
VEGEF-induced angiogenesis and migration, facilitat-
ing endothelial cell proliferation, survival, and motility
through both cGMP-dependent and independent path-
ways, ultimately supporting neovascularization [42].

To assess the effects of our compounds on cell migra-
tion, we performed a standard scratch assay using 3T3-L1
fibroblast cells. VEGF (50 ng/ml) increased cell migra-
tion, as indicated by a significantly smaller gap compared
to the control after 12 h of incubation (p < 0.01; Fig.
4a-b). Both GSSEA and BeS prevented the proliferative
and migratory effects of VEGE, though not significantly.
In contrast, NPy ¢ treatment resulted in a significantly
larger gap compared to the VEGF group alone (p < 0.05).
This is in agreement with previous studies showing NOS

i. Representative Western blot of the treated cells for 24 h (statistical analysis shown in Figure $9). Results are expressed as mean+SD (n=3).

knockout or pharmacological inhibition of eNOS or
iNOS impairs VEGF-induced cell migration [43].
Epithelial-mesenchymal transition (EMT) is a cellu-
lar program wherein epithelial cells undergo phenotypic
changes, losing apical-basal polarity and intercellular
adhesion, while acquiring mesenchymal characteristics
such as enhanced motility and invasiveness [44]. This
process is regulated by microenvironmental signals and
involves coordinated alterations in gene expression and
post-translational mechanisms that repress epithelial
markers and activate mesenchymal programs. One of the
classical hallmarks of EMT is vimentin, which is highly
overexpressed in EMT, as well as aggressive tumors
[45, 46]. VEGF and vimentin interact synergistically to
promote angiogenesis and migration. VEGF increases
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(n=10). Statistical analysis was performed using the Kruskal-Wallis test (non-parametric one-way ANOVA) followed by Dunn’s multiple comparison test.

Differences were considered significant if p < 0.05

vimentin secretion in endothelial cells, while vimentin
binds to VEGFR2 and potentiates VEGF signaling [45,
46]. In 3T3-L1 cells, VEGF significantly upregulated
vimentin expression (p < 0.001), which was decreased by
GSSEA, BeS, and more prominently by NPy ¢ (p < 0.01)
(Fig. 4c-d). Immunofluorescent staining of iNOS under
the same conditions confirmed that VEGF upregulates
iNOS expression, which can be inhibited by all three
treatments, with the most pronounced effect observed
in the NPy, group (Fig. 4e-f). Although the role of NO
in EMT is controversial and multifactorial [47], in some
cancers, such as metaplastic breast cancer, tumors are
enriched in EMT and cancer stem cell features and pre-
dominantly exhibit aberrations in both the PI3K and
iNOS pathways. Notably, recent clinical studies indi-
cated that NOS inhibition sensitizes these tumors to

PI3K inhibitors and taxane-based therapies, significantly
reducing the metastasis [48].

Inhibition of angiogenesis

The antiangiogenic properties of the developed NP ¢
formulations were assessed by evaluating the abil-
ity of HUVECs to form capillary-like structures on
Matrigel. This method is widely used to study pro- or
anti-angiogenic compounds, as it replicates key angio-
genesis processes, including endothelial cell differen-
tiation, migration, alignment, and formation of tubular
networks [49]. After 24 h of incubation, VEGF stimula-
tion significantly increased the number of segments (1.8
fold), meshes (2.5 fold), and junctions (1.7 fold) in the
capillary-like structures compared to the control (Fig.
5a-d). Co-treatment of VEGF with GSSEA, BeS, or
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Fig. 5 Effects on angiogenesis in vitro and in the chick chorioallantoic membrane (CAM) assay. a. Phase contrast microscopy tube formation in HUVEC
cultures following treatment with VEGF (50 ng/ml) alone or in combination with GSSEA, BeS, or NPg.c. The bottom panel shows the detected tubes by the
image analyzer. b-d. VEGF resulted in a significant increase in the number of segments, meshes, and junctions compared to the control (CTL). Treatment
with NPy resulted in significant inhibitory effects in VEGF-induced tube formation. e. Representative images from the CAM assay (top row), followed by
processed images with background subtraction and brightness adjustment (middle row), and corresponding skeletonized vessel networks (bottom row).
f-h. Quantification of number of branches, number of junctions, and total vessel length in the treated CAMs. Data are expressed as mean + SD (n=6) and
analyzed using one-way ANOVA followed by Tukey’s post hoc test. Differences were considered significant if p <0.05

particularly NPg.¢ resulted in a significant decrease in
tube formation when compared with VEGF alone. These
significant reductions highlight the efficacy of all three
agents, especially NPp g, in counteracting VEGF-driven
angiogenic processes.

Furthermore, the CAM assay (Fig. 5e), a well-estab-
lished, cost-effective, and widely recognized model for
studying blood vessel formation [50], was used to assess
the anti-angiogenic effects of the test compounds. To this
end, after 60 h of incubation, embryos were transferred
to clean weighing boats and kept for an additional 24 h
to remove damaged or dead embryos (approximately
29%) before treatment. None of the treatments caused
any mortality in the tested embryos within 24 h (Figure
S10). As expected, VEGF administration significantly
increased the number of vessel branches, junctions, and
total length of new blood vessels formed (p < 0.001; Fig.
5f-h). For example, VEGF induced a 1.6-fold increase in
the number of junctions, which was significantly inhib-
ited by co-treatment with NPy ¢ (p < 0.001, Fig. 5g). In
addition, VEGF + NPp ¢ treatment showed significantly
less number of junctions when compared with VEGF +
BeS (p < 0.05) or VEGF + GSSEA (p < 0.01), suggesting
NPg,s may exert a more robust or possibly synergistic
inhibitory effect on angiogenesis.

This anti-angiogenic effect is associated with a reduc-
tion in NO levels, a key regulator in cell proliferation,
migration, and new blood vessel formation. Although
eNOS plays a predominant role in VEGF-induced angio-
genesis [51], iNOS inhibition still produces a measurable
and additive reduction in angiogenesis. This highlights
the therapeutic potential of iNOS antagonists in patho-
logical neovascularization. Our data align with previous
findings where iNOS antagonists are recognized as inhib-
itors of angiogenesis. For instance, experimental stud-
ies have demonstrated that selective inhibition of iNOS
activity by compounds such as aminoguanidine, 1400
W, and L-NIO leads to a significant reduction in tumor
angiogenesis, as evidenced by decreased microvessel
density and VEGF expression in tumor models [52, 53].

Effects on vascular tone

One of the main challenges in developing anti-angio-
genic therapies based on NO results from its critical
role in maintaining vascular homeostasis [54]. The lack
of NO in the cardiovascular system can result in severe
vasoconstriction and elevated blood pressure [55], and

prolonged therapies that lower NO levels may contribute
to atherosclerosis [54]. Hence, it is critically important to
assess the effects of novel iNOS-targeting agents on vas-
cular function. In intact vessels, ACh binds to muscarinic
receptors, primarily M,, on endothelial cells, elevating
intracellular calcium levels and activating eNOS-medi-
ated NO synthesis. The generated NO diffuses to the
underlying smooth muscle cells, triggering vascular
smooth muscle relaxation through activation of mul-
tiple downstream pathways (Fig. 6a). Inhibiting eNOS
disrupts this process and promotes vasoconstriction. To
evaluate vascular tone, thoracic aorta segments were first
contracted with 80 mM KCI. After washout, vessels were
pre-contracted with PE (1 umol/L), followed by ACh
(0.1uM) to stimulate eNOS-derived NO. Subsequently,
vessels were exposed to either PBS (CTL), L-NIO (a non-
selective NOS inhibitor, positive control), GSSEA (active
iNOS inhibitor), or GRIP (inactive form). L-NIO caused
a 60% contraction at 10 pM (p < 0.01), which was further
increased at 100 uM (Fig. 6c, f), consistent with previ-
ous reports demonstrating its potent vasoconstrictive
effects in isolated vessel assays by effectively inhibiting
NO synthesis and thereby impairing endothelium-depen-
dent relaxation [55]. GRIP did not affect vascular tone at
concentrations up to 100 uM (Fig. 6d and f). The active
form of GRIP, GSSEA, induced around a 20% increase in
average vascular tone compared to control; however, the
difference was not statistically significant (p > 0.05, Fig.
6e and f). Importantly, after washout, none of the treat-
ments affected the vessel responsiveness to PE, ACh, or
KCl at the end of the experiment, indicating the safety of
the tested compounds.

Conclusion and future directions
In this study, we, for the first time, developed GRIP
and demonstrated its potential as an innovative anti-
angiogenic therapy. GRIP can form polyionic nanopar-
ticles with a range of anionic drugs or polymers and
acts as a stimuli-responsive carrier. Its ability to inhibit
iNOS while simultaneously delivering a payload offers a
unique toolbox for treating complex conditions, particu-
larly cancers in which iNOS plays a key role in disease
pathophysiology.

NP, (composed of GRIP and BeS) effectively inhibits
aberrant angiogenesis in both in vitro and in ovo mod-
els by targeting iNOS and synergizing with BeS, while



Alimoradi et al. Journal of Nanobiotechnology (2026) 24:194

a ACh
_ o
arginine

0S__ca? t

o

v

4
cGMP, Ca*

GC

Tension (mg)

Rela+xation

Page 15 of 18

ACh  GRIP GSSEA
<4 .

\ \ v
IRRR vy

«-PE

¥ Wash
v

T T T 0+—
1000 4000 7000 1000
Time (s)

Time (s) -9 -8

[
8000 4
6000
= Wash
= ACh v
.S 4000+ \
2 R Wash
2
2000 \
KCI
«—PE “—PE ‘
T T T 0 T T T
4000 7000 1000 4000 7000
Time (s) f Time (s)
100 p=0.0001
= =0.022 - CTL
E 80+ P
5 — GRIP
® 60 — GSSEA
c L-NIO
:é 40
PE 8§ 201
T T - 1
4000 7000 or— F T T
7

Log (oncentration (uM))

Fig. 6 Effects on aortic reactivity. a. Schematic representation of acetylcholine (ACh)-induced relaxation in rat aortic rings. ACh activates its receptors,
which in turn activate eNOS to produce NO. Created by BioRender.com. b-e. Representative time course of the vessel responses to various pharmacologi-
cal interventions. Vessel contractility was initially tested by sequential exposure to KCl and phenylephrine (PE). Vessels responsive to ACh (at least 65% of
the contraction induced by PE) were considered endothelium-intact (Figure S11). The effects of treatments on vessel reactivity were normalized to the
vasoconstriction induced by 1 uM PE. f. The effects of GRIP and its active form, GSSEA, on aortic reactivity were evaluated. Unlike GRIP and GSSEA, L-NIO
impaired the vessel reactivity in response to PE. Data are expressed as mean =+ SD (n=4). Differences were considered significant if p <0.05Created by
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exhibiting minimal impact on vascular tone, addressing a
key limitation of non-specific NOS inhibitors.

Given the elevated GSH levels in some tumors and the
multifaceted role of NO in angiogenesis and EMT, GRIP-
based NPs offer a promising strategy for controlled,
tumor-specific vessel normalization. Furthermore, due to
the cationic nature of GRIP, they can be used for the con-
trolled delivery of a wide range of anticancer agents bear-
ing anionic functional groups as well as genetic materials.
These findings pave the way for further preclinical and
clinical investigations aimed at enhancing the efficacy of
anti-angiogenic cancer therapies.

Despite the innovative approach and the successful
demonstration of proof of concept, this study has some
limitations that will be addressed in future work. Further
investigation regarding molecular dynamics simulations
could provide valuable insights into the dynamic behav-
ior, stability, and mechanistic interactions between the
antagonist and iNOS. Because the utility of polymeric
prodrugs depends heavily on their degradation kinetics,
future studies will incorporate detailed characterization
of GRIP cleavage and payload release kinetics, for exam-
ple using HPLC-MS analysis, to better inform in vivo
dosing strategies. It will also be essential to evaluate the
therapeutic efficacy of NPBeS in tumor models charac-
terized by elevated GSH levels, such as pancreatic duc-
tal adenocarcinoma (PDAC). In these models, assessing
the ability of GRIP-based NPs to accumulate in tumors
via both the enhanced permeability and retention (EPR)
effect and GSH-triggered activation will provide impor-
tant information regarding their translational potential.

Comprehensive profiling of immune responses, tumor
blood flow and angiogenic marker expression within the
TME will also help clarify the mechanistic impact of the
system. In addition, although it is a well-established EMT
marker [45, 46], assessing other markers such as E-cad-
herin, N-cadherin, and ZO in vitro and in vivo would
further strengthen the evaluation of the NPs’ effects on
EMT. These aspects will be systematically examined in
future studies using GRIP.
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